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ABSTRACT
THE INFLUENCE OF FLY ASH ON OBTAINING QUALITY PLASTIC 
AND HARDENED PROPERTIES OF PORTLAND CEMENT CONCRETE
by
ASHAARI B. MOHAMAD 
University of New Hampshire, May, 1989
Coal fly ash produced at the Merrimack Power Station, 
Bow, New Hampshire was tested for chemical and physical 
properties. Concretes made with these fly ashes were tested 
for their plastic and hardened properties and compared to 
ordinary portland cement concrete.
An experimental test burn substituting coal with 
Refuse-Derived-Fuel(RDF) consisting mainly of waste paper 
and plastic with heating value of 6000 to 8000 BTU/lb. was 
done by Public Service of New Hampshire at the Merrimack 
Power Station. Five percent and ten percent RDF was 
substituted, on a BTU basis, for coal in the test burns. 
Twelve (12) test burn days were run with 4 days of 5 
percent RDF and 8 days of 10 percent RDF. The effect of 
RDF on the chemical and physical properties of fly ash and 
the effect of coal-RDF fly ash on the properties of plastic 
and hardened concrete were investigated.
Coal fly ash from Merrimack Power Station was 
classified as an ASTM class F complying to the chemical and 
physical properties of ASTM C-618 specifications. Coal-
xv
RDF fly ash produced during the test burn showed chemical 
and physical properties comparable to coal fly ash. The 
average chemical and physical properties of coal-RDF fly 
ash complied to ASTM C-618 specifications. Concrete made 
with coal fly ash and coal-RDF fly ash showed increased 
slump in high paste mixes and decreased slump in low 
paste mixes. Air content decreased with increased fly ash 
at a constant dosage of air entrainment. Compressive 
strength of fly ash concrete at and beyond 28 days were 
comparable to ordinary portland cement concrete.
Heavy metals were not leached from coal fly ash and 
coal-RDF fly ash concrete during a column test using a 
synthetic acid rain of pH 4.5 even though small quantities 
of cadmium and lead were found to leach from coal fly ash 
and coal-RDF fly ash during the beginning of the test. The 
volume of the acid rain was approximately equivalent to 7 
years of precipitation, assuming 36 inches of rain per 
year. A microscopic investigation comparing the structure 
of pastes made with coal fly ash, coal-RDF fly ash, 
incinerator fly ash and incinerator bottom ash was 
conducted.
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Fly ash is a by-product of generating power by the 
combustion of coal. Raymond E. Davis et. al.[14] appears to 
have coined the term fly ash in 1937. Later work by the 
U.S. Bureau of Reclamation for the Hungry Horse Dam, in 
using fly ash to lower the heat of hydration of mass 
concrete led to the first extensive use of fly ash in the 
United States.
The modern use of fly ash as a pozzolan in concrete 
dates back to the early 1900s. Since then, there has been 
a tremendous research effort to describe and define 
pozzolanic activity and the behavior of fly ash concrete. 
In the early 1950s ASTM started to develop standards for 
fly ash to be utilized in concrete. The standards 
developed by ASTM have been widely used as a guide 
throughout the country and world. With new results from 
research and practical experiences, ASTM revises and 
updates their standards.
Fly ash has been used largely in mass concrete, mainly 
in dam constructions. The reason for using fly ash in mass 
concrete is not only for its pozzolanic activity but also 
to reduce the heat of hydration which might cause
1
thermal cracking in mass concrete. It has also been used 
to help minimize sulfate attack in areas like the southwest 
where the groundwater is very high in sulfates.
The amount of fly ash used in concrete at the present 
time is only a small percentage as compared to its 
production. As such the American Coal Ash Association is 
promoting the use of more fly ash in concrete. The 
association has been sponsoring seminars throughout the 
country on the advantages of fly ash concrete. They have 
also urged the Highway Departments of each state to use fly 
ash in their projects.
Most fly ash used in concrete today is low calcium ash 
classified as Type F by ASTM. Class F fly ash is produced 
by burning bituminous or anthracite coal. This ash 
possesses little or no self cementitious properties but 
will in the presence of moisture react with calcium 
hydroxide to form compounds (calcium-silicate-hydrates, 
C-S-H) which have cementitious properties similar to 
Portland cement.
Class C fly ash, a high calcium ash, has become more 
popular recently for use in concrete due to its self 
cementitious properties. This class of fly ash has self 
cementitious properties in addition to the normal 
pozzolanic properties of a Class F fly ash due to its high 
calcium content. Burning of lignite or sub-bituminous 
coals produces this class of highly variable fly ashes. 
Most of the 2,000,000 tons of fly ash utilized in the U.S. 
annually as either cement raw material, cement additives,
2
cement replacement or in aerated concrete products consist 
of Class F fly ash.
Fly ash that can be effectively used in concrete has 
to meet the requirements of the ASTM specifications and/or 
any other specification that was established and specified 
in the contract. These specifications normally specify the 
chemical and physical requirements of the fly ash. The 
chemical and physical properties of fly ash depend on many 
variables, three important ones are the type and origin of 
coal and the way the coal is burnt.
The composition of coal consists mainly of carbon, 
hydrogen and oxygen and small amounts of nitrogen and 
sulfur. The ash from burning coal consist mainly of oxides 
of Si, Al, Fe and Ca with smaller amounts of Mg, Ti, S, 
Na, K and trace amounts of many elements. The oxides of 
Si, Al, Fe and Ca made up 95 to 99% of the ash with Mg, Ti, 
Na and K about 0.5 to 3.5%.
Fly ash is produced by power generating plants 
utilizing boilers burning pulverised coal. The coal is 
pulverised to an average size of 50 um with about 70% 
passing the #200 sieve. The percentage of fly ash produced 
from burning coal depends on the method of firing. In 
most cases pulverised coal-firing methods yield ashes with 
about 65% fly ash and 35% bottom ash in wet bottom boilers 
and about 85% fly ash and 15% bottom ash in dry bottom 
boilers. An illustration of the formation of fly ash as 
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Figure 1.1 Coal Combustion and Fly Ash Formation Process 
as Illustrated by Flagan (1977)
1.2 The Role of Flv Ash in Concrete
Fly ash is known to act as pozzolan in concrete and it 
has been shown to have a multi role in plastic concrete. 
Adding fly ash to concrete can produce a workable concrete 
with less water, reduce the heat of hydration, increase 
sulphate resistance and reduce bleeding and segregation.
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1.2.1 Rheological Properties
The spherical shape, and the very small size of fly 
ash particles usually induces a positive effect on the 
rheological properties of concrete by reducing the amount 
of water required for a given degree of workability as 
compared to a concrete without fly ash. The average water 
reduction for 20% to 30% cement replacement, although 
variable, has been shown to be about 7 percent. Such a 
reduction leads to an increase in the true water cement 
ratio of about 16% and 33% for cement reductions of 20% and 
30% respectively. Yamazaki, [73] found that water reduction 
increases with fineness of fly ash. A finer fly ash has a 
larger proportion of smooth spherical particles, and 
Yamazaki concluded that the smooth spherical shape of fly 
ash is the reason behind the improved workability of 
concrete.
Improved workability allows a reduction in the water 
content in a mix for a given workability. The water in a 
fly ash mix is expressed in terms of the cementitious 
materials. A water cementitious ratio is the ratio of the 
weight of water to the weight of cement plus fly ash. With 
a constant amount of water, the actual water cement ratio 
is higher than the water cementitious ratio. Due to this 
higher water cement ratio, the early strength of fly ash 
concrete (FAC) will be less than ordinary portland cement 
concrete but as fly ash concrete matures, it is possible to 
achieved an equal or higher strength.
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Exceptions to the generally lower total water contents 
have been reported by Welsh et al [71] and Reshi [57]. 
Such cases of lowered slump and flow caused by increased 
water demand are related to increased carbon content 
(unburned coal).
Segregation, bleeding and pumping have been reported
to be improved by the use of fly ash. This may have its
draw back for a FAC containing an extended range water 
reducer subjected to even minor conditions of plastic 
shrinkage. Such a mix is very likely to suffer extensive 
plastic shrinkage cracks due to lowered water contents and 
less bleeding.
Temperature rise caused by a cement's heat of
hydration is very much improved by the use of fly ash when
it is used as a replacement of portland cement. Compton et 
al. [12] showed a typical temperature rise versus time 
curve for a fly ash concrete has a reduced magnitude of 
peak temperature as well as an increase in time when it 
occurs. The shift in time before the peak occurs is most 
likely related to the increase of time of set (sometimes up 
to 4 hours) caused by the increased true water cement 
ratio.
Air entrainment is very frequently adversely affected 
by fly ash. Typically more agent is required to produce a 
given level of entrained air. This has been related to the 
unburnt carbon in the fly ash. Variability of the carbon 
content is more of a problem than the actual content
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because of its drastic affect on the amount of entrained 
air. Sturrup et al. [63] reported that as long as air 
contents are obtained, carbon content does not adversely 
affect the freezing and thawing resistance of concrete. 
However, Gebler et al.[21,22] reported that as the organic 
matter content of the fly ash increases, air content 
tends to become unstable and falls off as time of placement 
increases. Much work is needed in this area before a clear 
understanding of the effect of carbon is known.
1.2.2 Strength
The strength of FAC is a very complex property and is 
very dependent on mix proportioning as well as the normal 
variables which affect a conventional concrete. Several 
techniques of mix design are possible depending upon the 
requirements of the mix. In general, the techniques can be 
classified into four groups as:
1. Partial replacement of cement
2. Partial replacement of cement and fine aggregate
3. Partial replacement of fine aggregate
4. Partial replacement of fine and coarse aggregate
The first technique, if replacement is on a one-for-
one basis results in lower compressive and flexural 
strengths for the first three months of curing, and then 
equal to or greater strength are developed. This technique 
is desirable for applications where heat of hydration is 
of primary importance and early structural early strength 
is of little consequence.
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Technique two requires a portion of the cement to be 
replaced with an excess by weight of fly ash with volume 
adjustments made in the fine aggregate. As long as a mix 
has a total weight of portland cement plus fly ash greater 
than the weight of portland cement used in a comparable mix 
the strength of FAC will be comparable at early ages 
between three and 28 days.
Technique three increases the cementitious content of 
the mix by replacing fine aggregate with fly ash. This 
method will not save portland cement, but is a good mix 
because it generally yields increased strength in FAC at 
all ages when compared with a similar mix without fly ash.
The fourth technique is similar to number three except 
course aggregate is also replaced by fly ash. Both three 
and four may be viewed as means of increasing workability 
upto a certain percent of replacement due to the increase 
in spherical particles and fines. Beyond this percentage 
there will be too many fines in the mix, thus reducing 
workability.
It is possible, in concept, to obtain strength from a 
FAC at any desired age equal to that of conventional 
concrete by proper proportion of the fly ash as described 
in the above techniques.
1.2.3 Finish
The fact that fly ash consists of glassy spheres of 
sizes varying from under 1 um to as large as 100 urn makes 
them very good void-fillers capable of increasing the
8
workability while reducing the water requirement. This is 
especially true in lean concretes or when the proportion 
of fines in the aggregate is lacking. The end result is 
that FAC typically is capable of achieving a better finish 
due to its better workability.
1.2.4 Porosity and Permeability
An FAC initially starts out with a large porosity due 
to the relatively high true water cement ratio. The fly 
ash reacts with the calcium hydroxide liberated from the 
reacted portland cement and deposits a less compact 
calcium-silicate-hydrate (C-S-H) phase, as compared to 
conventional C-S-H, in the large pores (>100 nm) . This 
process of pore refinement, by transforming large pores 
into fine pores, continues under adequate conditions of 
moisture and temperature until the reaction equilibrium is 
reached. The end result is one of creating a material with 
lower porosity and permeability and therefore increased 
strength. The fly ash reaction product is similar to 
conventional C-S-H but Bekker [5] has found that it is less 
compact to the extent that it is a semipermeable membrane. 
This process upon completion has the potential of reducing 
the permeability by almost one order of magnitude over that 
of a comparable concrete mix without fly ash.
1.2.5 Durability
The literature is very mixed on the evaluation of the 
durability of FAC. In general it is accepted that if the
9
concrete contains proper air entrainment it will be 
properly protected against repeated cycles of freezing and 
thawing. This has been cited by Gebler et al., [22] Sturrup 
et al., [63] Mehta [44,45] and Rossouw et al.[59] The 
crucial point as discussed earlier is obtaining proper air 
entrainment. Under conditions of high variability in 
carbon content, as might be expected for older power 
plants, it may be almost impossible to routinely maintain a 





The American Society For Testing and Materials (ASTM) 
developed the first draft of standards for fly ash to be 
used in concrete in 1954. Since then the committee for 
this specification has revised and updated the standards to 
its present status. Beside ASTM, other organizations in
the United States, such as the American Association of
State Highway and Transportation Officials (AASHTO), and 
the Federal and State agencies have developed their own 
specification most of which are based on the ASTM 
standards. Roussouw et al [59], reported that there are 
ten countries that have established specifications for fly 
ash in concrete. These countries include Australia, 
Austria, Canada, Great Britain, India, Japan, Korea, 
Turkey, U.S.A., and U.S.S.R. All the specifications 
specify the chemical and physical requirements for the fly 
ash.
Literature by Berry E.E. et al [6 ], Roussouw et al
[59], Manz [39,40] and Helmuth [28] cited that none of
these specifications are adequate for accepting or 
rejecting any given fly ash. The major properties 
discussed by Manz in his latest paper is the pozzolanic
11
activity index test (PAI) which should indicate the 
pozzolanic properties of the fly ash samples. Mehta, P.K. 
[45], and Manz found that the PAI test has a poor 
correlation between testing results and actual field 
performance. Different values were obtained when different 
cements were used and the testing specifications vary with 
the different standards. The general recommendations imply 
the need for performance specifications as compared to the 
many existing acceptance specifications. Presently, there 
are no performance specifications.
2.2 American Society For Testing And Materials IASTM)
The ASTM standard for fly ash to be used in 
concrete is designated as ASTM C 618-84 "Standard 
Specification for Fly Ash and Raw or Calcined Natural 
Pozzolan for use as a Mineral Admixture in Portland Cement 
Concrete". The specification includes the classification of 
fly ash and other natural pozzolan, the chemical and 
physical requirements, methods of sampling and testing, 
storage and inspection, rejection and packaging and 
marking.
ASTM classifies fly ash into two categories, class F and 
class C, depending upon the type of coal that is burnt to 
produce the ash. Class F fly ash is defined as ash produced 
from burning anthracite or bituminous coal and does not 
have self cementitious properties while class C fly ash is 
ash produced from lignite or sub-bituminous coal and has
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some cementitious properties.
The specifications include silicon dioxide, aluminum 
oxide, iron oxide, sulfur trioxide, loss on ignition and 
moisture content as the primary chemical requirements with 
magnesium oxide and available alkali (sodium and potassium) 
as an optional requirement. The physical requirements 
include fineness, pozzolanic activity index with cement at 
28 days and with lime at 7 days, water requirement, 
soundness and uniformity requirements as the primary 
requirements with multiple factor, air entainment, increase 
of drying shrinkage of mortar bars at 28 days and 
reactivity with cement alkalies as the optional 
requirements.
Along with the specification (ASTM C 618-84) ASTM also 
established a standard method of sampling and testing of 
fly ash. This standard is designated as ASTM C 311-80 
"Standard Method for Sampling and Testing Fly Ash or 
Natural Pozzolans for use as a Mineral Admixture in 
Portland Cement Concrete." This standard details the 
procedure to be used for testing the chemical and physical 
properties of the fly ash.
2.3 American Association of State Highway and
Transportation Officials (AASHTO)
The AASHTO specification for fly ash is designated as 
AASHTO M 295-86 "Fly Ash and Raw or Calcined Natural 
Pozzolan for use as a Mineral Admixture in Portland Cement 
Concrete." This specification is almost identical to ASTM
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C 618-84 except for the following:
ASTM AASHTO
1. Loss on Ignition 6% max. 5% max.







3. Calcium Oxide, CaO not required Required 
30% max.
4. Pozzolanic Activity 
Index
i) 75% min. 
of control @ 
28 days with 
cement
ii) 800 psi 




@ 7 days 
with cement




The specification from AASHTO is overall more 
stringent than those of ASTM. Even though the ASTM 
specification has been widely used, a more stringent 
specification will assure consistent high quality fly ash 
for concrete. AASHTO on the other hand does not specify 
the standard method for sampling or testing. As such, it 
is assumed that the standard method of sampling and testing 
follows ASTM specifications.
2.4 Others
Besides ASTM and AASHTO, there are other organizations 
in the United Sates and other countries in the world that 
have established specifications for the use fly ash as a 
pozzolan in concrete. Mehta [45], in his latest paper on
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the overview of standard specifications for Mineral 
Admixtures compares ASTM C 618 Standards with Standards 
from Australia (AS 1129), Canada (CAN 3-A 23.5), Japan (JIS 
A6201), and United Kingdom (BS 3892). Manz, O. E.[40] in 
his paper on the review of International Specifications for 
Fly Ash compares ASTM C 618 with the Federal Specification 
(SS—C—1760/5), North Dakota Department of Highways (S.H.D. 
Sec 818-3), Australia, Canada, and West Germany (DIN 1045). 
A summary of the specification comparison from Mehta and 
Manz with the specification from AASHTO is shown in Tables
2.1 and 2 .2 .
All the specifications reviewed specify the 
requirements for chemical and physical properties of fly 
ash. The only major differences are in the requirement 
limits. Some countries are more stringent than others and 
the procedure of testing may be different. The PAI is the 
most controversial value with different specifications 
specifying different minimum and maximum values with 
different testing procedures and time of curing.
2.5 Discussion
The specifications for fly ash in concrete established 
by many agencies and countries in general are based on 
similar chemical and physical properties. Even though the 
requiremets of each specification differs, there is a trend 
that most specifications are primarily concerned with loss 
on ignition, moisture content, sulphates, fineness and 
pozzolanic activity index. The percentage of silicon,
15
Table 2.1. The Chemical Requirements for Fly Ash to be used in Concrete.
ASTM AASHTO Australia Canada Japan U. K. W. Germany U.S.S.R. India 
C 618 M 295 AS 1129 CAN3-A J1S BS 3892 DIN 1045 GOST.6269 I.S.3812
23.5 A6201
Loss on Ignition 
(max X)





3.0 1.0 1.5 -- — 3.0
SiO (min X) 
2
-- -- -- -- 45.0 -- -- 40.0 35.0
Si02 + A1203 
+ Fe 0 (min X) 
2 3
70.0 70.0 -- -- -- -- -- -- --
SO (max X) 
3
5.0 5.0 2.5 5.0 -- 2.5 4.0 3.0 5.0









1.5 1.5 -- -- -- -- -- --
* optional requirements.
Table 2.2. The Physical Requirements for Fly Ash to be used in Concrete
ASTM AASHTO Australia Canada Japan U. K. W. Germany U.S.S.R.
C 618 M 295 AS 1129 CAN3-A JIS BS 3892 DIN 1045 GOST.6269
23.5 A6201
Fineness
Retained on #325 
sieve (max X)











(min X of control)
75.0 75.0 85.0 70.0 85.0









Hater Requirement 105 100 100 95 105
* - optional requirement
* % - > or = 50, average +/- 10 on 40 Um





iron, aluminum and calcium are not as much of a concern in 
some specifications. This may be due to the fact that the 
composition of these metals are statistically always 
within the minimum requirements and therefore do not need 
to be specified.
The Canadian and ASTM specifications classify the fly 
ash into two classes, mainly by their calcium content. A 
high calcium fly ash is classified as class C and a low 
calcium fly ash as class F. The specification from the 
United Kingdom and West Germany specify only bituminous 
coal ash, and this apply mainly to low calcium content ash.
A controversial point in all the specifications is the 
pozzolanic activity index. Different specifications 
specify different values depending on the way the tests are 
done. There are many ways this test can be done ranging 
from a quick 7 days to a long 28 days and with curing- 
temperatures ranging from 38 degrees C to 50 degrees C. 
There is also controversy between the poor correlation of 
the test and actual performance. To date, it is not known 
which method has the best correlation between the tests and 
performances.
Pozzolanicity is affected by the fineness of fly ash. 
A finer fly ash will have a higher pozzolanicity. The 
fineness of fly ash is specified by percent retained on a 
45 urn sieve after wet sieving or by specific surface. The 
wet sieving method is perferred over specific surface area 
for fineness of fly ash because it can be easily done and 
give indication of the fineness.
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CHAFFER III
CHEMICAL AMD PHYSICAL PROPERTIES
3.1 Introduction
The quality of fly ash depends on its chemical and 
physical properties. As a pozzoloan in concrete, fly ash 
needs to have a chemical composition that when mixed with 
cement in concrete it will react chemically, so as to 
produce pozzolanic reactions. The chemical composition 
includes calcium, aluminum, silicon and iron. Besides 
these pozzolonic reactions, the chemical composition of fly 
ash has to be such that it will not have any adverse effect 
on the finished concrete, such as expansion or contraction 
and alkali aggregate reaction. These effects can be caused 
by having too much magnesium, sodium and potassium in the 
fly ash.
The quality of plastic concrete produced when mixing 
with fly ash also depends on the chemical composition of 
fly ash. A high carbon content fly ash, which can be 
measured by the loss on ignition, requires a higher dosage 
of admixture to get the same workability in plastic 
concrete as compared to a conventional concrete or a fly 
ash concrete with low carbon content. A higher amount of 
admixture in concrete may retard the setting time or lower 
the compressive strength of the concrete. It may also 
affect the pozzolonic reaction.
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The physical properties of fly ash give indication of 
their chemical properties. These physical properties 
include the pozzolonic activity index, fineness, specific 
gravity, water requirement, soundness, shrinkage, air 
requirement and reactivity with cement alkalies. Fly ash 
that shows a good chemical composition may not necessarily 
have a reactive chemical components thus may not have good 
physical properties. Tests on the chemical and physical 
properties in this study follow the standard NHDOT 
specifications from which are very similar to 
specifications from AASHTO.
3.2 Collecting
Samples of fly ash were collected from the Public 
Service Company of New Hampshire (PSNH) Merrimack Power 
Station in Bow, New Hampshire. The samples were collected 
by Public Service personnel on a daily, weekly and monthly 
sampling basis. Table 3.1 shows the sampling dates and the 
samples collected.
Fly ash samples were collected from two separate 
operating Merrimack power station units. Both operating 
units used cyclone burners whereby crushed coal is blown 
into the combustion chamber of the furnace. Unit 1 has a 
fuel full load of 42 tons per hour and Unit 2 has a fuel 
load of 119 tons per hour. The total output of the station 
is 458 mega watts. Since the ashes are channeled into rows 
during their collection in the electrostatic precipitator,
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the samples were taken from selected rows as shown in Table 
3.1. Figures 3.1 and 3.2 show the diagram of Unit 1 and
Unit 2 power plants while Figure 3.3 and 3.4 show the 
distribution of rows in each unit respectively.
Samples of fly ash were collected in air tight plastic 
containers and were kept in the laboratory at room 
temperature. Apart from the samples in Table 3.1, another 
large sample of fly ash was taken from Unit 1 power plant 
for use in the concrete test mixes. This sample was large 
enough so that all the concrete mixes done in this study 
used this fly ash sample to avoid any variations caused by 
fly ash sampling.
Table 3.1. Samples Collected From Merrimack Station
Date (1986) Unit 1
Row A Row B Row A
Unit 2
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Figure 3.1 Public Service Company of New Hampshire 
Merrimack Steam Plant - Unit No. 1.
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3.3 Chemical Properties
The chemical properties of fly ash were tested using 
Atomic Absorption Spectroscopy, by the method of standard 
addition. The fly ash was diluted using a room temperature 
dissolution procedure as reported by David Silberman & 
Gerald L. Fisher [61]. The procedure uses hydroflouric 
and boric acid to dilute the ash and was checked with a 
standard fly ash from the National Bureau of Standards to 
be satisfactory. All the samples collected were tested for 
loss on ignition, moisture content, CaO, Si02, Al203 , 
Fe203, MgO, Na20, S03, and available alkalies as Na20. 
The loss on ignition and moisture content tests were done 
according to ASTM C 311-77 standard procedures. The 
results of the chemical composition of fly ash from Unit 1 
and Unit 2 are shown in Tables 3.2 and 3.3 respectively. A 
description of each of the chemical properties follows, 
with reference to these two tables.
Loss on ignition (LOI)
The loss of ignition test was done according to ASTM C 
311-77. A 1.0 gm sample of fly ash was burned in an 
uncovered porcelain crucible at 750 +/- 50 degree C for a 
minimum of 20 minutes. The percent loss in weight of the 
sample between 105 degree C and 750 +/- 50 degree C is 
defined to be the LOI.
The specification for the loss on ignition is 5 percent' 










Feb 17 '86 3.50 1.60
Feb 18 '86 2.00 2.50
Feb 19 '86 3.03 3.07
Feb 20 '86 3.18 2.46
Feb 21 '86 3.17 2.47
Feb 22 '86 3.25 3.03
Feb 23 '86 4.02 2.90
Mch 06 '86 2.63 2.85
Mch 13 '86 3.68 3.45
Mch 20 '86 4.06 3.50
Mch 27 '86 4.69 4.21
Apr 25 '86 3.67 3.19
June 4 '86 3.26 2.05
Averape 3.40 2.87
Stand at ■> 
Deviation 0.68 0.67



















0.23 0.23 trace trace 0.22 0.47 1.71 1.34
0.84 0.93 0.40 0.25 0.26 0.36 1.18 1.38
0.29 0.67 0.04 0.32 0.38 0.33 0.84 1.31
0.19 0.40 0.09 0.11 0.36 0.33 0.31 1.48
0.20 0.19 trace 0.07 0.25 0.48 2.08 1.49
0.56 0.26 trace trace 0.22 0.24 1.73 1.26
0.27 0.41 trace trace 0.18 0.30 1.33 2.22
0.21 0.30 0.18 0.16 0.20 0.34 1 .59 1.62
0.47 0.24 0.16 0.02 0.20 0.31 1. 58 1.18
0.64 1.02 trace trace 0.23 0.28 1 .50 1.42
0.30 0.60 0.14 0. 18 0.21 0.21 1.09 0.90
0.63 1.05 0.16 trace 0.58 0.59 0.89 1 .13
0.51 0.51 0.25 0.16 0.46 0.78 1.12 2.06
0.41 0.52 0.11 0.10 0.29 0.39 1.30 1.45






Row A Row B
Magnesium Oxide 
MgO (Z)









Row A Row B
Iron Oxide 
Fe20 3(Z)
Row A Row B
Si02 + Al203 
+ Fe2Q3 (%) 
Row A Row B
Feb 17 '86 4.99 5.36 1.24 1.22 41.82 43.47 22.45 23.35 21.02 20.87 85.29 87.69
Feb 18 '86 5.78 7.53 1.26 1.47 41.41 22.65 21.49 12.82 19.24 20.95 82.14 56.42
Feb 19 •86 5.43 8.06 0.47 1.01 26.66 43.49 14.60 25. 31 13.32 18.97 54.58 87.77
Feb 20 '86 8.93 5.39 1.19 1.17 47.90 43.53 23.79 21.29 21 .67 20.61 93.36 85.43
Feb 21 *86 4.78 5.47 0.85 0.79 42.23 43.71 23.87 23.99 19.06 17.22 85.16 84.92
Feb 22 '86 6.04 5.48 0.87 0.99 40.99 37.35 24.36 23.74 19.06 21.32 84.14 82.41
Feb 23 '86 5.77 5.62 0.88 0.79 25.22 39.01 15.99 23.38 20.02 20.02 61.23 82.26
Mch 06 '86 4.68 4.54 0.42 0.61 53.36 56.88 21.93 21 .42 21.18 18.37 96.18 96.67
Mch 13 '86 4.31 4.95 0.33 0.59 51.82 49.65 23.09 19.54 13.56 14.76 88.47 83.95
Mch 20 '86 4.28 4.43 0.63 0.51 54.51 48.85 19.89 19. 19 15.13 14.47 89.53 82.51
Mch 27 '86 3.30 3.67 1.20 1.25 42.66 39.49 23.93 23.06 20.31 18.29 85.90 80.84
Apr 25 '86 3.44 3.55 1.28 1.41 37.76 36.37 21.11 22 . 26 19.29 19.52 78.16 78.15
June A '86 2.46 5.03 0.29 0. 16 40.15 34.14 22 .77 20.25 17 .30 26.69 80.22 81.08
Average 4.94 5.31 0.84 0.92 42.04 41.43 21.41 21.51 18.47 19.39 81.89 82.32
Standard
Deviation 1.60 1.29 0.38 0.39 8.93 8.35 2.98 3.19 2.81 3.11 It .80 9.02







Row B Row C
Moisture Content 
(2)
Row A Row B Row C
Sulfur Trioxide 
S03(Z)
Row A Row B Row C
Available Na?0 
(2)
Row A Row B Row C
Feb 21 ’86 3.48 4.66 4.85 0.24 0.20 0.26 0.18 trace trace 0.12 0.10 0.10
Feb 22 '86 4.08 3.75 6.44 0.35 0.26 0.39 trace trace trace 0.10 0.14 0.13
Feb 24 '86 3.33 3.23 3.65 0.08 0.08 0.08 trace trace trace 0.12 0.13 0.10
Feb 25 *86 3.28 2.92 6.37 0.13 0.25 0.25 trace 0.04 trace 0.13 0.14 0.25
Feb 26 '86 2.32 4.03 4.02 0.10 0.10 0.24 trace trace trace 0.09 0.10 0.14
Feb 27 '86 3.71 3.96 4.33 0.17 0.13 0.11 trace 0.09 trace 0.13 0.13 0.10
Mch 06 '86 4.43 4.15 4.21 0.35 0.45 0.61 0.25 0.07 0.16 0.10 0.13 0.10
Mch 13 '86 3.98 4.05 3.13 0.36 0.58 0.51 0.04 0.04 0.25 0.13 0.10 0.17
Mch 20 ’86 4.42 4.57 3.57 0.26 0.25 0.32 0.07 0.11 0.11 0.10 0.10 0.14
Mch 29 '86 2.74 3.42 5.51 0.25 0.59 0.64 0.04 0.28 trace 0.10 0.12 0.17
Apr 25 '86 1.41 1.14 1.96 0.25 0.41 0.48 t race trace t race 0.13 0.17 0.17
Average 3.38 3.63 4.37 0.23 0.30 0.35 0.05 0.06 0.05 0.11 0.12 0.14
Standard











Row A Row B Row C
Magnesium Oxide 
MgO (X)
Row A Row B Row C
Silicon Oxide 
Si02 (X)
Row A Row B Row C
Feb 21 '86 1.67 1.58 1.78 6.32 5.56 5.28 2.17 3.22 3.01 36.97 37.35 42.97
Feb 22 186 1.59 1.61 1.68 6.28 5.07 5.78 1.87 1.53 3.75 38.99 38.49 37.35
Feb 24 '86 1.58 1.59 1.56 6.44 4.23 4.46 1.30 1.24 1.09 37.70 39.04 36.16
Feb 25 '86 1.67 1.78 1.75 4.02 4.35 4.09 3.38 3.44 3.91 39.25 36.48 29.52
Feb 26 '86 1.55 1.66 1.42 4.10 4.50 5.19 1.89 2.50 1.82 29.67 34.45 27.29
Feb 27 ’'86 1.53 1.66 1.57 9.06 4.97 3.99 1.57 2.12 2.16 29.38 29.83 25.43
Mch 06 '86 1.16 0.96 1.04 4.38 4.05 4.44 2.34 1.35 1.74 39.35 40.40 42.51
Mch 13 '86 1.15 1.05 1.34 3.64 4.39 4.23 1.39 1.89 2.04 48.45 41 .97 41.59
Mch 20 ’86 1.22 1.01 1.28 4.78 9.79 4.63 2.86 2.29 2.95 35.52 27.92 33.24
Mch 29 '86 1.14 1.22 1.32 6.71 5.83 4.54 3.06 3.77 3.30 37 .48 38:62 33.07
Apr 25 ’86 2.00 2.01 2.09 5.43 5.26 5.22 4.71 3.38 3.42 42.01 34.44 34.81
Average 1.48 1.47 1.53 5.56 5.27 4.71 2.41 2.43 2.65 37.71 36.27 34.97
Standard




Date Row A Row B Row C
Feb 21 '86 22. 95 22. 51 23. 32
Feb 22 '86 23. 62 22. 95 22. 83
Feb 24 '86 24. 27 24. 55 23. 65
Feb 25 '86 27. 24 23. 95 19. 75
Feb 26 '86 22. 05 34. 40 23. 51
Feb 27 '86 43. 30 21. 85 18. 66
Mch 06 '86 21. 63 24. 99 27. 28
Mch 13 '86 25. 66 26. 79 25. 05
Mch 20 '86 19. 53 16. 61 20. 37
Mch 29 '86 21. 33 19..68 20..77
Apr 25 '86 23..62 18.,89 19..78
Average 25..01 23..38 22.,27
Standar d












25.22 17. 14 17.97 85.14 77.00 84.26
21.40 19.41 21.87 84.01 80.85 82.05
18.78 19.72 17.11 80.75 83.31 76.92
18.77 20.79 18.39 85.26 81.22 67.66
12.07 22.28 15.33 63.79 91.13 66.81
15.87 16.38 15.17 88.55 68.06 •59.26
17.66 20.23 20.74 78.64 85.62 90.74
20.62 18.58 19.87 94.73 87.34 86.51
19.29 15.02 19.61 74.34 59.55 73.22
19.70 20.41 20.20 78.41 78.71 74.04
24.09 22.97 21.99 89.72 76.30 76.58
19.41 19.36 18.93 82.12 79.01 76.19
3.63 2.43 2.36 8.40 8.93 9.38
from Unit 1 exceeded the maximum limit of 5.0% but three 
samples from Row C in Unit 2 did exceed the limit. The 
overall average, as can be seen in the tables, was below 
the maximum 5.0% limit.
Moisture Content
Moisture content of fly ash was determined by drying a 
small sample of fly ash in an oven at 105 to 110 degrees C 
for 24 hours and determining its percent loss by weight. 
The specification requires that the moisture content of fly 
ash not to exceed 3.0%. From the test results, all 
samples in Unit 1 and Unit 2 had moisture contents well 
below 3.0%.
Metal Oxides (Si02 + A12°3 + Fe2°3^
Silicon dioxide (Si02), Aluminum oxide (Al203) and 
Iron oxide Fe203) are not independently listed in the 
specification. Instead, the specification requires that 
the total of the metal oxides should have a minimum of 
70.0%. Each individual metal oxide and their total were 
shown in the Tables. The average and standard deviation is 
also presented.
Three samples in Unit 1 and six samples in Unit 2 were 
below the required 70.0%. Altogether nine samples out of 
a total of 59 did not meet the requirements, but the 
average of all samples in each row were well above the 
required percentage.
32
Sulfate as Sulfur Trioxide (S03)
Sulfate is reported as Sulfur trioxide, SO3 , and the 
specification requires a maximum of 5%. The samples tested 
show a very low sulfate content. In fact, almost half of 
the samples tested had only a trace of sulfate.
Available Alkalies and Total Alkalies
Alkalies consist of the amount of Sodium and Potassium 
expressed as Na20,% + 0.658 x K20,%. The percentage of 
available alkalies in fly ash is found by mixing fly ash 
with distilled water and testing the filtrate leachate. 
Total alkalies are found using the filtrate leachate after 
the fly ash is dissolved in acid. Thus, the percentage of 
available alkalies is much lower than the percentage of 
total alkalies. The specification requires that the 
available alkalies do not exceed 1.5%.
The percent available alkalies as shown in Tables 3.2 
and 3.3 are well below the specification requirements of 
1.5%. The results also show the percent of total 
alkalies are very low, thus reinforcing the results for the 
available alkalies.
Calcium oxide (CaO)
The amount of calcium oxide in fly ash define its 
class, according to ASTM. A Class C fly ash normally has a 
percent CaO of more than 10.0% and class F fly ash a 
percent CaO less than 10.0%. The results of the test show 
that the percent CaO from the samples are less than 10.0%,
33
thus defining a class F fly ash.
Magnesium Oxide (MgO)
The percent MgO relates to the autoclave expansion or 
contraction in the physical requirements. The
specification requirements for MgO is 5.0% maximum, but 
when the autoclave expansion or contraction limit of 0 .8% 
is not exceeded, a MgO content above 5.0% may be accepted. 
The results from the tests show a very low MgO content 
which would be expected to produce very low values of 
autoclave expansion or contraction test results. Magnesium 
oxide is only an optional requirement in the specification.
Chemical Analysis by EDAX
Selected samples of fly ash were scanned through 
Energy Dispersive Analysis X-rays (EDAX), and the chemical 
composition of a general scan and a single sphere scan of 
fly ash was obtained. EDAX samples were mounted on carbon 
stubs with carbon paste and coated with carbon in a Hummer 
V sputter coater. The samples were analysed with an 
acceleration voltage of 20 KV, a specimen angle of 3 0 
degrees at a working distance of 12 mm, on a general area 
or a single sphere of sample. The samples were analysed 
until a minimum of 40,000 counts was obtained. A carbon 
content analysis of selected samples was also performed to 
an accuracy of 0.3%. The results of this analysis are 
presented in Tables 3.4 through 3.8 with a photomicrograph 







































LOI by Chemical Analysis = 3.17%
Table 3.4 Chemical Analysis of Fly Ash From Unit 1 Row A
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10um
photomicrograph of Fly Ash From Unit 1 Row B
GENERAL SCAN SINGLE BALL CARBON ANALYSIS
% Na 0.39 0.12
% Mg 0.25 0.13
% A1 23.40 17.94
% Si 42,50 75.30
% K 3.96 4.71
% Ca 8.33 0.60
% Fe 17.11 1.47
% Fe + A1 + Si 83.01 94.71
% N - - 0.00
% C - - 1.74
% H - - 0.17
LOI by Chemical Analysis = 2.90%
Table 3.5 Chemical Analysis of Fly Ash From Unit 1 Row B
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2 Own
Photomicrograph of Fly Ash From Unit 2 Row A
GENERAL SCAN SINGLE BALL CARBON ANALYSIS
% Na 0.26 0.44
% Mg 0.87 0.20
% A1 23.17 28.13
% Si 42.06 43.22
% K 4.22 4.96
% Ca 7.00 2.66
% Fe 18.99 18.01
% Fe + A1 + Si 84.22 89.36
% N - - 0.00
% C - - 2.00
% H - - 0.11
LOI by Chemical Analysis = 2.32%
Table 3.6 Chemical Analysis of Fly Ash From Unit 2 Row A
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Photomicrograph of F l y  Ash from Unit ? Row B
GENERAL SCAN SINGLE BALL CARBON ANALYSIS 
% Na 0.28 0.41
% Mg 0.45 0.19
% A1 22.22 26.35
% Si 40.48 63.44
% K 35.37 4.28
% Ca 8.35 1.54
% Fe 20.68 2.79
% Fe & A1 & Si 83.38 92.58
% N -  - 0.00
% C - - 2.00
% H -  - 0.14
LOI by Chemical Analysis - 4.03%
Table 3.7 Chemical Analysis of Fly Ash From Unit 2 Row B
38
Photomicrograph of Fly Ash From Unit 2 Row C,
GENERAL SCAN SINGLE BALL CARBON ANALYSIS
% Na 0.20 Trace
% Mg 0.94 Trace _
% A1 21.36 24.21
% Si 38.18 44.94
% K 3.92 0.81
% Ca 9.60 16.78
% Fe 19.67 3.68
% Fe + A1 + Si 79.21 72.83
% N _ _ 0.00
* C _ _ 3.16
* H _ _ 0.12
LOI by Chemical Analysis = 4.33%
Table 3.8 Chemical Analysis of Fly Ash From Unit 2 Row C
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EDAX chemical analysis, which has an error of +/- 10 
to 20 percent shows that all the chemical composition 
comply with the specification requirements. In the general 
scan analysis, the results compare very well with the 
results obtained by chemical analysis using the Atomic 
Absorption Method. It is interesting to note that for the 
single spheres scan analysis, the percent Al and Fe 
fluctuates drastically for each sphere, but the total 
percent of Al + Fe + Si are all above 70.0%.
3.4 Physical Properties
The physical properties of fly ash were tested in 
accordance with ASTM C 311-77 specifications. The 
fineness, specific gravity, pozzolanic activity index and 
water requirement tests were done on all samples. Other 
tests were done on selected samples, due to insufficient 
amounts of samples collected. The results of the physical 
properties tests are shown in Tables 3.9 through 3.14. The 
following description on the physical properties refer to 
these Tables.
Fineness
The fineness of fly ash is specified by the amount 
retained when wet sieved on a No. 325 sieve. Results from 
both Unit 1 and Unit 2 were well below the maximum 
percentage retained allowed. The maximum percentage 
specified is 34% and the results as shown in Tables 3.9 
through 3.10, shows a maximum percentage retained of
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Row A Row B
Pozzolanic Activity 
w/ cement @ 7 days 






Feb 17 '86 6.43 1.18 93.82 95.67 92.64 92.09
Feb IB ‘86 8.43 2.01 76.13 90.47 90.18 91.41
Feb 19 '86 6.51 2.15 84.90 85.46 90.54 92.29
Feb 20 '86 7.99 1.96 86.01 91 .39 91.41 92.02
Feb 21 '86 3.33 1.47 87.80 88.96 91.41 92.64
Feb 22 '86 5.05 2.79 88.21 83.28 91.41 93.25
Feb 23 '86 7.54 2.40 76. 19 85.63 90.79 95.09
Hch 06 '86 4.83 1.62 81.82 93.58 92.64 92.64
Mch 13 '86 6.38 1.62 90.41 95.61 89.57 93.87
Mch 20 '86 3.82 1.52 86.33 87.82 92.02 93.86
Mch 27 '86 6.76 5.48 93.69 90.48 90.80 89.57
Apr 25 '86 5.43 1.72 86.20 80.63 90.18 91.41
June 4 '86 3.23 2.22 92.82 84.16 91.41 91.41
Average 5.83 2.16 86.49 88.70 91.15 92.43
Standard
Deviation 1.71 1.09 5.80 4.74 0.93 1.40
Soundness
< z >
















Row B Row C
Pozzolonic Activity 
w/ cement @ 7 days 





Row B Row C
Soundness
( X )
Row A Row B
Feb 21 '86 7.93 10.04 11.51 66.06 64.38 64.45 94.49 95.09 92.64 -0.028 ----
Feb 22 '86 7.44 7.93 12.24 69.03 69.88 77.13 94.79 95.03 92.02 ---- ----
Feb 24 '86 6.21 4.95 5.55 71.28 .74.42 79.78 93.99 95.57 94.77 0.014
Feb 25 '86 8.88 5.63 12.75 71.74 67.56 75.62 93.98 95.32 94.00 ---- ----
Feb 26 '86 6. 12 6.82 4.41 64.68 68.16 75.74 95.09 93.87 91.41 ---- ----
Feb 27 •86 9.65 8.18 11.09 65.76 66.24 64.71 95.40 94.79 94.47 ---- ----
Hch 06 '86 7.20 8.21 8.26 86.17 68.80 77.25 90.80 90. 18 92.64 -0.015 ----
Mch 13 ’86 6.51 6.76 4.17 80.49 80.96 81.37 90.80 90.19 93.25 ---- ----
Mch 20 '86 6.77 9.69 5.48 82.24 77.98 85.67 90.18 90.18 92.64 ----
Mch 29 ’86 14.35 7.25 10.26 64.42 70.76 75.54 92.02 92.02 92.02 ---- ----
Apr 25 '86 6.99 3.48 4.27 75.45 73.26 76.89 92.02 93.25 92 .02 0.01 ----
Average 8.00 7.18 8.18 72.48 71.13 75.83 93.05 93.23 92.90 -0.017
Standard





Most fineness testing uses the sieve method as compared 
to specific surface method due to more reliable results. 
The data show the fly ash from Merrimack Power Station is 
very fine and well within the specified requirements.
Pozzolanic Activity index
The pozzolanic activity index (PAI) is an index to show 
how good of fly ash can react pozzolanicly. Standard 2 
inch mortar cubes were made with portland cement and 
standard Ottawa sand as a control sample. Test samples 
were made by replacing 35% cement with fly ash. The 
percent compressive strength of fly ash test samples 
compared to control after a curing period of 7 days at 100 
degrees F (AASHTO and NHDOT specification) or a curing 
period of 28 days at 100 degrees F (ASTM specification) is 
the value of PAI. Even though AASHTO and NHDOT 
specification are different from ASTM, both testing 
procedures follow ASTM specifications. The minimum percent 
of control specified for 7 days is 60% and for 28 days is 
75%. The tests on samples cured for 7 days produced 
PAI*s above the specified requirement.
Water Requirement
The water requirement is part of the pozzolanic 
activity index test. It is the water required to produce a 
flow of 100 to 115 in the test mix as compared to the water 
required in the control mix. The test results shows an
i
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average water requirement of above 90% but below the 
specified maximum value of 100%.
Soundness
Soundness is a measure of an autoclave expansion or 
contraction of a cement paste samples. If the mineral 
admixture constitutes more than 20 percent of the 
cementitious materials in the project design mix, the 
specification requires the autoclave expansion test 
specimens to contain the anticipated fly ash percentage. 
Standard l x l  inch by 11 inch long beams made with 25 
percent of the cementitious material (fly ash) were 
autoclaved at 420 +/- 3 degrees F with a pressure of 295 
+/- 10 lbs for 3 hours. The measurements for expansion or 
contraction of the specimens were taken after the specimens 
had been cooled down to room temperature. Due to 
insufficient sample quantities only eleven samples were 
tested and the results show that all samples have an 
autoclave contraction well below the specification 
requirements. Tables 3.9 and 3.10 show the results for 
both Unit 1 and Unit 2 fly ashes respectively.
Uniformity Requirements
The uniformity requirements specified in the physical 
requirements are specific gravity, percent retained on a 
No. 325 sieve and air requirements. Tables 3.11 and 3.12 
present the uniformity data of the samples from Unit 1 and 
2 respectively.
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Row A Row B
Z Variation of 
S.G. Fron Average 
Row A Row B
Fineness
(*)
Row A Row B
Variation of Percent 
Points from Average 




Feb 17 '86 2.75 2.76 0.00 1.08 6.43 1.18 0.60 0.98 ---
Feb 18 '86 2.72 2.77 1.09 0.72 8.43 2.01 2.60 0.15 3.83
Feb 19 1'86 2.74 2.79 0.36 0.00 6.51 2.15 0.68 0.01 3.58
Feb 20 '86 2.75 2.79 0.00 0.00 7.99 1.96 2.16 0.20 3.09
Feb 21 '86 2.76 2.80 0.36 0.36 3.33 1.47 2.50 0.69 ---
Feb 22 '86 2.77 2.83 1.4S 1.43 6.38 1.62 0.55 0.54 3.05
Feb 23 •86 2.74 2.87 0.36 2.87 7.54 2.40 1.71 0.24 3.71
Mch 06 '86 2.80 2.81 1.82 0.72 4.83 1.62 0.55 0.54 2.95
Mch 13 '86 2.71 2.83 1.45 1.43 6.38 1.62 0.55 0.54
Mch 20 ’86 2.78 2.84 1.09 1.79 3.82 1.52 2.01 0.64 ---
Mch 27 '86 2.74 2.70 0.36 3.23 6.76 5.48 0.93 3.32 ---
Apr 25 '86 2.73 2.77 0.73 0.72 5.43 . 1 .72 0.40 0.44
June 4 '86 2.75 2.77 0.00 0.72 3.23 2.22 2.60 0.06 ---
Average 2.75 2.79 -- -- 5.83 2.16 -- --
Standard
Deviation
0.02 0.04 -- -- 1.71 1.09 -- -- i
airement I Variation of
r 181 Air) Air fron average
Row B Row A Row B
4-00 11.34 16.28
  4.07 ----
  10.17 ----
  11.34 ----
3.45 7.85 0.29
  14.24 ------
3.00   12.79
3.59   4.36
3,61   4.94
3.44
0.36
Table 3.12 The Uniformity of the Physical Properties of Fly Ash from Unit 2
Variation of
Specific Gravity Z Variation of Fineness percent points gir Requirement
Sanple (Mg/m ) S.G. fron Average (X) fron average (ml. 1for 18Z Air )
Date Row A Row B Row C Row A Row B Row C Row A Row B Row C Row A Row B Row C Row A Row B Row C
Feb 21 '86 2.79 2.77 2.79 1.08 0.36 0.36 7.93 10.04 11.51 0.07 2.86 3.33 2.31 2.61
Feb 22 '86 2.79 2.80 2.71 1.08 1.45 2.52 7.44 7.93 12.24 0.56 0.75 4.06 2.54
Feb 24 '86 2.77 2.82 2.79 0.36 2.17 0.36 6.21 4.95 5.55 1.79 2.23 2.63 2.24
Feb 25 '86 2.77 2.81 2.77 0.36 1.81 0.36 8.88 5.63 12.75 0.88 1.55 4.57 2.42 --- ---
Feb 26 1’86 2.80 2.76 2.82 1.45 0.00 1.44 6.12 6.82 4.41 1.88 0.36 3.77
Feb 27 '86 2.80 2.79 2.77 1.45 1.08 0.36 9.65 8.18 11.09 1.65 1.00 2.91 --- 2.55 ---
Hch 06 '86 2.74 2.73 2.79 0.72 1.08 0.36 7.20 8.21 8.26 0.80 1.03 0.08 2.17 2.55 2.32
Hch 13 '86 2.74 2.73 2.B2 0. 72 1.08 1.44 6.51 6.76 4.17 1.49 0.42 4.01 --- --- ---
Hch 20 '86 2.73 2.72 2.80 1.08 1.45 0.72 6.77 9.69 5.48 1.23 2.51 2.70 --- --- ---
Mch 29 ’86 2.71 2.72 2. 73 1.81 1.45 1.80 14.35 7.25 10.26 6.35 0.07 2.08 --- --- ---
Apr 25 •86 2.72 2.76 2.75 1.45 0.00 1.08 6.99 3.48 4.27 1.01 3.70 3.91 2.28 1 .09
Average 2.76 2.76 2.78 -- -- -- 8.00 7.18 8.18 -- -- -- 2.33
Standard
Deviation 0.03 0.04 0.04 -- -- -- 2.37 ! .96 3.48 -- -- -- 0.22
Z Variation of Air 
From Average 
Row A Row B Row C
0 . 8 6   1 2 . 0 2
-----------  9.01
  3.86 ----
3.86 ----------




The specifications require that the specific 
gravity shall not vary from the average by more 
than 5.0%. The maximum percent variation found was 
3.23% from Row B of Unit 1.
2. Fineness
The variation of the percent retained on 
a No. 325 sieve is specified as the variation of 
the percentage points from the average and shall be 
no more than 5.00. The samples tested show all but 
one sample were well below the required 5.00% 
percentage point variation. One sample with 6.35% 
percentage points variation exceeds the 5.00% 
requirement. This may be due to the sampling 
procedure and the time and day the sample was 
obtained from the unit. When a unit is shut down 
and restarted again a variation of fineness between 
samples taken at the time the unit has just started 
as compared to samples taken after the unit has 
been started would be expected to have a high 
variation point. Samples taken from different 
hoppers is also expected to vary in fineness.
3. Air Requirements
The air requirements were established by the 
quantity of air entraining agent required to 
produce an air content of 18.0 percent in a mortar.
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The uniformity requirement specifies the percent 
variation from the average should not be more than 
20.0%. This requirement is a requirement in the 
NHDOT specifications but an optional requirement in 
ASTM and AASHTO.
Due to the large amount of fly ash required 
for each test, only selected samples were tested. 
Eleven samples from Unit 1 and twelve samples from 
Unit 2 were tested. The results show that all the 
samples tested were within the 20.0% requirement.
Multiple Factor
The multiple factor is the product of loss on ignition 
(LOI) times the fineness and is an optional physical 
requirement. ASTM and AASHTO specify the multiple factor 
of 255 maximum. This number was based on an LOI of 12.0% 
maximum before ASTM revised their specification to an LOI 
of 6.0% maximum. Based on an LOI of 6.0% maximum, the 
NHDOT specification specifies a maximum multiple factor of 
120.
The multiple factors of the samples tested did not 
exceed 100 and were well within the requirements. The 
maximum and minimum multiple factor obtained from the 
samples tested were 81.22 and 1.89 respectively.
Drying Shrinkage
Drying shrinkage of mortar bars at 2 8 days is 
determined on standard l x l  inch by 11 inch bar samples of
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control and test samples. The test samples contain 25% fly
ash. The samples were cured at 100 degrees F with a
relative humidty of 50% for 28 days. Ten samples from Unit 
1 and seven samples from Unit 2 were tested and the results
show the increase in drying shrinkage of all the samples
tested were within the specification requirement range of 
0.03 percent. The maximum increase in drying shrinkage 
observed was 0.034 percent. The drying shrinkage is an 
optional requirement in all the specifications.
Reactivity with cement Alkalies
ASTM suggests an optional test for reactivity with
cement alkalies be made only when fly ash is to be used 
with aggregate that is regarded as deleteriously reactive 
with alkalies. There are two methods of testing the 
reactivity with cement alkalies: the reduction of mortar
expansion at 14 days and mortar expansion at 14 days. 
The reduction of mortar expansion is normally specified at 
75 percent minimum and the mortar expansion is specified at
0.020 percent maximum. The test for reduction of mortar 
expansion has to be done with high alkali cement while the 
mortar expansion is tested with the cement to be used in 
the proposed project concrete.
Due to the difficulty of getting pyrex glass
aggregates, only six samples were tested for the reduction 
of mortar expansion at 14 days. The results are presented
in Tables 3.13 and 3.14. The results show all samples
tested are within the 75% minimum requirement except for
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Table 3.13 Optional Physical Properties of Fly Ash From Unit 1.








Row A Row B
Feb 17 '86 22.51 1.89
Feb 18 •86 16.86 5.03 0.003
Feb 19 '86 19.73 6.60 69.74 -----
Feb 20 '86 25.41 4.82 ---- ---- ---- ----
Feb 21 '86 10.56 3.63 0.016 0.003
Feb 22 '86 16.41 8.45 0.010
Feb 23 '86 30.31 6.96 -0.002
Mch 06 '86 12.70 4.62 -0.011
Hch 13 '86 23.48 5.59 0.034 ----- 68.01
Mch 20 '86 15.51 5.32 0.005
Hch 27 '86 31.70 23.07 0.008
Apr 25 '86 19.93 5.48 0.003
June A '86 10.53 4.55 67.72 -----
Average 19.66 6.62 0.0069 68.49
Standard 
Deviat ion 6.86 5.19 0.012 1.092
Table 3.14 Optional Physical Properties of Fly Ash From Unit 2.
Multiple Factor Drying Shrinkage Reactivity w/ Cement
Sample (Z) cz> Alkal:ies (Z)
Date Row A Row B Row C Row A Row B Row C Row A Row B Row C
Feb 21 ■86 27.60 46.79 55.82 -0.001
Feb 22 '86 30.36 29.74 78.82 0.004
Feb 24 ’86 20.68 15.99 20.26 ----- ----- 0.024
Feb 25 '86 29.13 16.44 81.22 70.00
Feb 26 ■86 14.20 27! 48 17.73 -0.029 -0.002
Feb 27 '86 35.80 32.39 48.02
Mch 06 '86 31.90 34.07 34.77 -0.0003 ----- ----- —
Mch 13 '86 25.91 27.38 13.05
Mch 20 '86 29.92 44.28 19.56 ---- ---------- ----- 66 .07
Mch 29 ’86 39.32 24.80 56.53 0.009 ----- ----- — --- — —
Apr 25 '86 9.86 3.97 8.37 ----------- 7-5.54
Averag e 26.79 27.58 39.47 0.0007 70. 54
Sta ndard
Dev iation 8.81 12.24 26.17 0.0159 4. 76
the sample from Unit 2, Row C, where the reduction of
mortar expansion is 75.54 percent. This is a very slight 
increase over 75.00 percent and could be considered as 
within the experimental error of the test. According to 
ASTM C401, the 75 percent minimum requirement for the 
reduction of mortar expansion with high alkali cement is 
equivalent to a maximum mortar expansion of 0.020 percent. 
Thus the results obtained for the samples can relate to 
the mortar expansion as specified.
3.5 Statistical Analysis
The analysis of variance (ANOVA) were performed on the 
test data to see if there was a difference in the
properties of fly ash from each row and production unit. 
The data for the chemical and physical properties of fly 
ash were compared between each row to see if there was a 
difference. There are altogether five rows for both Unit 1 
and Unit 2. Table 3.15 shows the analysis of variance for 
the properties given when all the five rows are compared. 
Assuming the two unit production produces the same quality 
of fly ash, the hypothesis made in this analysis is;
Ho; u1 m u2 = u3 = u4 = u5
versus
Ha: not all u^'s are equal
with a significance level of 0.05, where u^ is the mean of
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the population of the measures of the property on the ith. 
row.
The analysis shows only four properties are 
statistically equal in every row. The properties are 
sulphates, total alkalies, calcium oxides and the total of 
silicon plus aluminum plus iron oxides. Other properties 
seem to have some differences in at least two of the rows.
The difference between the rows was suspected to be due 
to the unit production, thus, an analysis within a unit 
production was performed. Tables 3.16 and 3.17 show the 
analysis for rows in Unit 1 and Unit 2 respectively. The 
hypothesis made in this analysis are as follows:
For Unit No. 1: Ho: u^  ^ = u2 vs. Ha: = u2
For Unit No. 2: Ho: u-^  = u2 = U3
versus
Ha: not all u^'s are equal.
From the tables it can be seen that statistically, there 
are no differences among the properties in each row of Unit 
1 and Unit 2 except for the fineness, water requirement and 
specific gravity for Unit 1. Even though these properties 
are statistically different for each row, the values 
obtained from the tests are well within the specification 
requirements.
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Table 3.15 Chemical and Physical Properties (ANOVA) Between Rows for
Unit 1 and Unit 2
Source DF SS MS F F
cal. tBbl
toss on Ignition Betveen Samples 4 13.945 3.486 3.96 A 2.78
Within Samples 54 47.558 0.881
Holsture Content Betveen Samples 4 0.5989 0.1497 3.28 * 2.78
Within Samples 54 2.4637 0.0456
Sulphates as SOj Between Samples 4 0.0393 0.0098 0.98 2.78
Within Samples 5* 0.5408 0.0100
Available Alkalies Between Samples 4 0.7121 0.1780 19.08 * 2.78
Within Samples 54 0.5038 0.0093
Total Alkalies Between Samples 4 0.354 0.089 0.68 2.78
Within Samples 54 6.990 0.129
Calciun Oxide Between Samples 4 5.04 1.26 0.65 2.78
Within Samples 54 105.45 1.95
Magnesium Oxide Between Samples 4 38.548 9.637 16.95* 2.78
Within Samples 54 30.707 0.569
SiO g + AlgOj + Fe^Oj Between Samples 4 325.1 81.3 0.87 2.78
Within Samples 54 5026.7 93.1
Fineness Between Samples 4 302.58 75.64 15.41 A 2.78
Within Samples 54 265.12 4.91
Pozzolonic Activity Between Samples 4 3196.3 799.1 22.55 * 2.78
Within Samples 54 1913.4 35.4
Water Requirement Between Samples 4 34.51 8.63 3.54 A 2.78
Within Samples 54 131.78 2.44
Specific Gravity Between Samples 4 0.0153 0.0038 3.12 A 2.78
Within Samples 54 0.0663 0.0012
* A significant difference exists at the •*= .05 level
Table 3.16 Chemical and Physical Properties (ANQVA) Between Rows in Unit 1
Source DF SS MS F F
cal. cable
Loss on Ignition Between Samples 1 1.810 1.810 3.98 4.26
Within Samples 24 10.927 0.455
Moisture Content Between Samples 1 0.0831 0.0831 1.19 4.26
Within Samples 24 1.6750 0.0698
Sulphates as SO3 Between Samples 1 0.0009 0.0009 0.06 4.26
Within Samples 24 0.3221 0.0134
Available Alkalies Between Samples 1 0.0620 0.0620 3.13 4.26
Within Samples 24 * 0.4751 0.0198
Total Alkalies Between Samples 1 0.130 0.130 0,75 4.26
Within Samples 24 4.136 0*173
Calciun Oxide Between Samples 1 0.92 0.92 0.43 4.26
Within Samples 24 50.80 2.12
Magnesium Oxide Between Samples I 0.043 0.043 0,30 4.26
Within Samples 24 3.506 0.146
SiO, + Al. 0. + Fe.O Between Samples 1 1.0 1.0 0.01 4.26C C  a  c  j Within Samples 24 2646 110
Fineness Between Samples 1 87.11 87.11 42.39 * 4.26
Within Samples 24 49.32 2.06
Pozzolonic Activity Between Samples 1 31.9 31.9 1. 14 4.26
Within Samples 24 673.3 28.1
Water Requirement Between Samples 1 10.53 10.53 7.43 * 4.26
Within Samples 24 34.03 1.42
Specific Gravity Between Samples 1 0.0134 0.0134 10.85 * 4. 26
Within Samples 24 0.0296 0.00123
* A significant difference exists at the = .05 level
Table 3.17 Chemical and Physical Properties Between Rows in Unit 2
Source OF SS MS F
cal.
Loss on Ignition Betveen Samples 2 5.81 2.91 2.38
Within Samples 30 36.63 1.22
Moisture Content Betveen Samples 2 0.0833 0.0416 1.58
Within Samples 30 0.7887 0.0263
Sulphates as SO. Betveen Samples 2 0.0006 0.0003 0.04o Within Samples 30 0.2187 0.0073
Available Alkalies Betveen Samples 2 0.0048 0.0024 2.51
Within Samples 30 0.0287 0.0009
Total Alkalies Betveen Samples 2 0.0252 0.0126 0.13
Within Samples 30 2.8274 0.0942
Calcium Oxide Between Samples 2 4.08 2.04 1.12
Within Samples 30 54.66 1.82
Magnesium Oxide Betveen Samples 2 0.397 0.199 0.22
Within Samples 30 27.201 0.907
SiO- + AL.O. + Fe,0, Betveen Samples 2 193.9 97.0 1.22b C  «5 b J Within Samples 30 2380.9 79.4
Fineness Between Samples 2 6.33 3.16 0.44
Within Samples 30 215.79 7.19
Pozzolonic Activity Betveen Samples 2 129.0 64,5 1.56
Within Samples 30 1240.0 41.3
Hater Requirement Betveen Samples 2 0.59 0.30 0.09
Within Samples 30 97.76 3.26
Specific Gravity Betveen Samples 2 0.0016 0.0008 0.64















The chemical and physical properties of the fly ash 
from the Merrimack Power Station, for both Unit 1 and Unit 
2 were found to comply with the specification requirements 
of AASHTO and NHDOT. Even though there were a few 
individual samples that did not- meet a few chemical or 
physical requirements, the average properties for each row 
in both units meet the specification requirements. The 
number of samples that did not meet the specifications were 
very small compared to the number of samples collected. 
Sampling may be the reason for the discrepency since the 
samples were not collected from the same hoppers within the 
units, as such a large variation is expected.
The statistical analysis shows that there are 
significant differences between the rows of Unit l and Unit
2. Within the rows in Unit 1, significant differences were 
seen on the fineness, water requirement and specific 
gravity. These differences are on the physical properties 
and are related to the fineness of the fly ash. The 
fineness of fly ash varies between each hoppers. A finer 
fly ash is collected in the last hopper compare to fly ash 
in the first hopper. When collected to be used in
concrete, the fly ash collected was a combination of the 
two rows and the ash will likely to have properties that is 
an average of the two rows. The average properties of the 
combined row A and row B are well within the specification 
requirements.
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Within the rows in Unit 2, there were no significant 
difference. This may be due to a larger size of 
precipitator used in Unit 2. A larger size precipitator 
will be operated differently and has good classification, 
making the variation small. Fly ash from Unit 2 should be 
used if variation should be a problem.
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CHAPTER IV
COAL FLY ASH CONCRETE
4.1 Introduction
Fly ash concrete is capable of achieving higher 
strength than ordinary portland cement concrete if the mix 
is properly designed. A properly designed fly ash mix 
takes into consideration the difference in specific 
gravities of the fly ash and cement, and adjusts for slump 
increase, air content decrease and the desired strength. A 
more common way of using fly ash in concrete is by 
replacing the cement or aggregates with fly ash. This kind 
of mix gives a lower strength at early ages but once the 
pozzolanic reaction from the fly ash starts, the strength
of concrete will be comparable to ordinary portland cement
concrete.
The properties of fly ash concrete varies according to 
the way fly ash is substituted in the mix. There are many 
ways that fly ash can be substituted but only three ways of 
substitution were tested in this study. These three ways 
are deemed useful, practical and commonly used in practice. 
They are:
1. partly replacing cement
2 . partly replacing fine aggregate
3. partly replacing cement and fine aggregate
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The amount of replacement was done on the basis of 10%, 
20% and 30% by weight of the three variables described 
above. A control mix, without fly ash substitution, was 
also made for the purpose of comparison. Altogether, 2 0 
mixes were made, ten for Class AA and ten for Class A. An 
air entrainment agent, Vinsol resin (0.55 oz/100 lbs.) and 
a low range water reducer, Hycol (3 oz/100 lbs.) were added 
to all the mixes. The water cement ratio of the control 
mix and the water cementitious ratio of the fly ash 
concrete mix was designed as 0.424 for Class AA and 0.444 
for Class A concrete. A detail mix design is shown on Table 
4.1. Even though the water cement ratio and the water 
cementitious ratio was designed as previously mentioned, 
their true ratios varied when the fly ash was substituted 
to replace fine aggregate. Even though this portion of 
the fly ash is a cementitious material it was considered 
only as fine aggregate. Thus it can be seen that the true 
water cement and water cementitious ratios were different 
for each mix. A summary of all the mixes is presented 
in Table 4.2.
4.2 Properties of Plastic Concrete
Slump
The slump of plastic concrete is measured using a slump 
cone following the procedures in ASTM C143. Slump of 
concrete measures the consistency of the concrete produced 
and indirectly measures its workability. Slump of fly ash
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Table 4.1. Mix Design for Control/Coal Fly Ash Concrete.










4" +/“ 1/4" 
7 %
Coarse Aggregate : Crushed gravel
Coarse Aggregate Combination : 30% of 3/8 inch.
70% of 3/4 inch.
Fine Aggregate : Glacial sand from Manchester 
Sand and Gravel.
Cement Factor (min) Class AA - 7.0 bags/cu.yd. 
Class A - 6.5 bags/cu.yd.
Cement Used : Portland cement Type II from 
Atlantic Co.
Aggregate Source Manchester Sand and Gravel, 
Manchester, N.H.
Admixture Used Vinsol resin : 0.55 oz/100 lbs. 
LRWR (Hycol) : 3 oz/100 lbs.
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1 REPLACEHEN! AGS. coin.
H IF.A.
SUMPS DESIEH H/C RATIO TRUE H/C RATIO 1 AIR 







7 2B 90CEHEUT F.A. 13/S 13/4 FIRST SECGHO BATCHED ItlCROHAVE H/C H/C*FLf ASH
FASHAA-7 0 0 SO 70 4.403 40 3.25 3.50 .424 .443 .424 .424 4.95 4.99 1.50 142.61 28 .55 3 HTCOt 4390 5490 5455
FASHAA-B 10 0 30 70 4.395 40 4.68 4.36 .424 - .471 .424 4.80 4.99 1.52 140.72 28 .55 3 HIC6L 3660 4905 5340
FAShAA-9 ' 20 0 30 70 4.IBS 40 S. 25 S. 13 .424 .426 .530 .424 4.40 4.70 1.50 142.49 26 .55 3 HTCOl 3940 5240 4015
F»si,fi-i; 30 0 30 70 4.37S 40 A. IB S.SO .424 .420 .404 .424 4.50 4.95 1.51 141.2B 2B .55 3 HTCOL 3545 4760 5610
FASHAA-12 0 10 30 70 4.870 40 7.43 7.00 .424 .510 .504 .424 5.20 4.50 1.43 143.01 26 .55 3 HTCOL 4710 4975 56=5
FASHAA-13 0 20 30 70 4.424 40 4.BI 4.25 .424 .444 .434 .357 3.00 7.11 1.4B 147.06 28 .55 3 HTCOL 4340 SB5S 7335
FASHAA-I4 0 so 30 70 4.431 40 4.13 S.43 .424 .524 .514 .334 2.30 7.05 1.49 144.46 26 .55 3 HTCOL 4420 5680 7050
FASHAA-13 s s 30 79 4.400 40 4.13 4.2S .424 .433 .442 .403 5.00 7.02 1.50 143.78 2B .55 3 KTCGl 4390 5700 4445
FASHAA-14 to 10 30 70 4.40& 40 4.66 4.75 .424 .453 .504 .364 3.50 7.07 1.49 145.15 26 .55 3 HTCOL 4110 5945 4730
FHSHAA-17 IS IS 30 70 4.104 40 4.75 4.25 .424 .472 .552 .371 3.30 7.07 1.49 145.47 27 .55 3 HTCOL 3470 5765 4445
FASH A-l 0 0 30 73 4.847 40 4. SO 3.59 .444 .459 .444 .444 4.90 4.41 1.52 141.40 27 .55 3 HTCOl 3745 5025 33:5
FASH A-2 10 0 30 70 4.837 40 4.03 4.38 .444 - .493 .444 5.30 4.49 1.50 142.69 29 .55 3 htc;_ 3330 4720 5225
FASH A-I 20 0 30 70 4.627 40 4.75 7.25 .444 - .555 .444 4.00 4.44 1.51 141.E3 •29 .55 3 HVCGi. 2750 4040 4915
FASH A-4 so 0 30 70 4.BI7 40 4.47 S.SO .444 .451 .434 .444 5.50 4.54 1.49 144.14 29 .55 3 HTML 2420 4555 5925
FASH A-J 0 10 30 70 4.SSS 49 4.75 4.00 .444 .444 .47B .401 4.25 4.57 1.46 145.95 29 .55 3 HTCOL 3B10 5420 tiOS
FASH A-i 0 20 30 70 4. BBS 40 5.00 5.50 .414 .529 .513 .349 3.15 4.53 1.49 145.B7 30 .55 3 HTCOL 3430 5440 6695
FASH A-7 0 so 30 70 4.37S 40 5.75 5*75 .444 - .517 .352 2.40 7.01 1.50 145.19 30 .55 3 HTCOL 3B20 4145 7445
FASH A-8 s 5 30 70 4.3S1 40 7.00 4.43 .444 - .493 .422 5.40 7.19 1.44 142.41 26 .55 3 HTCOL 3550 4945 5795
FASH A-1 to 19 30 73 4.845 40 4.00 3.25 .444 - .532 .401 4.50 4.59 1.46 145.71 23 .55 3 HTCOL 3425 44BO 6765
FASH A-10 IS IS 30 70 4.B44 40 2.00 2.00 .444 * .575 • 37B 2.40 4.70 1.44 149.45 27 .55 3 KTCGl 3535 5735 7545
concrete increases as fly ash content increases when cement 
was replaced by fly ash in Class AA concrete. In Class A 
concrete, the slump increased the most at 20% substitution 
and at 30% substitution the slump reduced to about the same 
as the control slump.
The true water cementitious ratio has to be taken into 
account to see the trend of the slump obtained when 
replacing fine aggregate and cement plus fine aggregate. 
In both Class AA and Class A concrete, the water 
cementitious ratio decreases as percent substitution 
increases. As such, it can be expected that the slump will 
also decrease as percent substitution increases. Table 4.3 
shows the values of slump for each substitution with the 
true value of water cementitious ratio in parenthesis. The 
plots for the slump of fly ash concrete for Class AA and 
Class A concrete with the design water cementitious ratio 
of 0.424 and 0.444 respectively are shown in Figures 4.1 
and 4.2. The variation of slump when replacing cement, 
fine aggregate and cement plus fine aggregate with a 
constant design water cementitious ratio are shown in 
Figures 4.3 and 4.4. It can be seen from the graphs that 
the slump does vary with different ways of substitution 
for each percent substitution. If the true water 
cementitous ratio is maintained at 0.424 and 0.444 the 
slump would be expected to increase as percent substitution 
increases. It should also be noted that the air content 
also affects the outcome of the slump and adjusting for it
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Table 4.3 Slump and Air Content of the Class AA and Class A Fly Ash Concretes
cn
-p»
sluhijA true water/cementitious) AIR CONTENT (percent)
Class AA Concrete '
Percent Substitution Percent Substitution
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6.85 5.00 3.50 3.30
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6.90 5.30 6.00 5.50








6.90 A.25 3.15 2.60








6.90 5.60 A. 50 2.60
Slump (ins)
100 5 15 20 25 30 35
Percent Substitution
• Cement +  Fine Aggregate *  Cement & Fine Aggr.
Figure 4.1 Slump versus Percent Substitution for Class AA Concrete
Slump (ins)
0 5 10 15 20 25 30 35
Percent Substitution
■ Cement +■ Fine Aggregate *  Cement & Fine Aggr.
Figure 4.2 Slump versus Percent Substitution for Class A Concrete
Slump (ins.)
<T>
Cement Fine Aggregate Cement + Fine Aggr.
Substitution Method
20 % 30 %





Cement Fine Aggregate Cement + Fine Aggr.
Substitution Method
30 %
Figure k.U Slump versus Substitution Method for Class A Concrete
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Table 4.4 Corrected Slump (in inches) as per Air Content of Control Concrete
Class AA Concrete
Percent Substitution 
0 10 20 30
Cement 3.38 4.66 5.32 6. 12
Fine Aggregate 3.38 8.14 6.37 6.16
Cement and 
Fine Aggregate
3.38 5, 12 6.49 6.28
Class A Concrete
Cement 4.00 5. 30 7.45 4.79
Fine Aggregate 4.00 5.71 7 .13 7.90
Cement and 
Fine Aggregate
4.00 7.46 4.83 4.15
Assume 1% air increase 1/2 inch slump.
does not change the trends shown in the figures as can be 
seen in Table 4.4.
Air Content
The air content of plastic concrete can be 
theoretically calculated or measured by the pressure 
method. The pressure method following ASTM C 231 is the 
most accurate method to measure the air content. The 
method is based on the principle of using pressure to 
compress the air bubbles. When the air compresses the 
result is read directly as air entrainment on a calibrated 
meter.
In Class AA concrete, the air content of the plastic 
concrete was approximately constant when fly ash was 
substituted for only cement as shown in Figure 4.5. In 
Class A concrete as shown in Figure 4.6, the air content 
varied a small amount. Comparatively, the air content was 
relatively similar to the control concrete.
When substituting for fine aggregate and cement plus 
fine aggregate, the air content decreased as the percent 
substitution increased. A significant decrease in air 
content was identified at 30% substitution. Table 4.3 and 
Figures 4.7 and 4.8 show the trend of air content for 
various substitutions. The decrease in air content is due 
to the increase of fly ash content, the decrease in fine 
aggregates and the decrease in the true water cementitious 
ratio. The air content may increase if the true water 
cementitious ratio is the same as the control water cement
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Air Content (%)
255 15 300 10 20 35
Percent Substitution
* Cement + Fine Aggregate *  Cement & Fine Aggr.
Figure 4.5 Air Content versus Percent Substitution for Class AA Concrete
Air Content (%)
0 5 10 15 20 25 30 35
Percent Substitution
■ Cement +  Fine Aggregate *  Cement & Fine Aggr.
Figure 4.6 Air Content versus Percent Substitution for Class A Concrete
Air Content (%)
Cement Fine Aggregate Cement + Fine Aggr.
Substitution Method
H  o % ^  10 % 20 % ^  30 %
Figure h.l Air versus Substitution Method for Class AA Concrete
Air Content (%}
Cement Fine Aggregate Cement + Fine Aggr.
Substitution Method
20 % 30 %
Figure A.8 Air versus Substitution Method for Class A Concrete
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ratio. As shown by Figures 4.7 through 4.8, the air 
content was at its lowest when fly ash was substituted for 
fine aggregate only. This effect may be due to the 
reduction of number 30 and 50 size (600 mm and 300 mm) of 
fine aggregates which is an important size for effective 
air entrainment.
The increase in fly ash also increases the unburnt 
carbon in the mix which absorbs the air entraining 
admixtures. With a constant admixture added to each mix, a 
mix with a high fly ash content, thus high carbon content, 
will have a low air entrainment.
Unit Weight
The unit weight of plastic concrete is measured by 
weighing the concrete in a measure of known volume. The 
method and procedure follows ASTM C-138 specifications. 
Table 4.5 shows that except when substituting for cement 
only for Class AA concrete the unit weight of fly ash 
concrete for both Class AA and Class A concrete is higher 
than ordinary portland cement concrete. A significant 
increase in the unit weight can be seen when substitution 
is made for fine aggregate and cement plus fine aggregate. 
This can be attributed to the increase in fines in the 
concrete mix, thus making the mix more dense and heavier. 
The unit weight is also directly proportional to the air 
content in concrete. As air content decrease in the mix, 
unit weight increases. Assuming that there was no air in 
the concrete, the theoretical maximum unit weight of
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Table 4.5 The Unit Weight and Yield of the Fresh Fly Ash Concrete








Cement 142.81 140.72 142.49 141.28
Fine Aggregate 142.81 143.01 147.08 146.68










Fine Aggregate 141.60 145.95










Table 4.6 Theoretical Maximum Unit Weight for Coal Fly Ash Concrete


























plastic concrete shows that fly ash concrete has lower unit 
weight than portland cement concrete as shown in Table 4.6.
Yield
The yield of plastic concrete is the actual volume of 
the concrete produced per batch. A good design mix will 
have a yield equal to the design volume. The yield was 
measured according to ASTM 0138 procedures. A relative 
yield (ratio of actual to design yield) gives a good 
indication of the mix per batch. The yield for Class AA 
concrete shows values similar or lower than the control 
concrete.
The Class A concrete shows a decrease in yield over the 
control in all cases. When substituted for fine aggregate 
and for cement plus fine aggregate, the decrease in yield 
is very significant. The results indicate that an 
increase in fines and a decrease in air content will reduce 
the yield of a concrete mix. Table 4.5 shows the yield 
in cubic feet for Class AA and Class A fly ash concrete.
Bleeding
The phenemenon of water surfacing to the top of 
plastic concrete after it has been placed and compacted, 
but before it has set, is termed bleeding. Bleeding is a 
form of segregation in concrete due to the water rising to 
the top and aggregates moving downwards. With water at the 
top, this portion of concrete will have a higher water 
cement ratio and thus be weaker than the lower portion.
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0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
10 23.0 15.0 19.0 22.0 7.0 0.0 0.0 7.5 0.0 0.0
20 53.0 28.0 37.5 38.5 14.5 0.0 0.0 14.0 7.0 3.5
30 74.0 41.0 51.5 52.0 21.5 4.0 0.0 19.0 11.5 7.5
40 96.0 53.0 63.0 64.5 28.0 7.0 0.0 24.0 15.5 12.0
50 117.0 67.0 74.5 77.5 33.5 8.0 0.0 28.5 19.0 16.0
60 133.5 80.0 83.0 89.5 38.0 10.5 0.0 33.5 22.0 19.5
75 149.5 98.0 92.5 101.5 44.5 14.5 3.0 41.0 27.0 23.5
90 1 SB. 5 113.0 99.0 112.5 53.0 18.0 5.0 49.0 32.0 27.5
105 163.0 127.0 101.5 120.5 61.5 23.5 7.0 57.5 39.0 32.5
120 165.5 139.0 101.5 125.5 70.0 28.5 9.0 68.0 45.0 36.5































Figure 4.9 Bleed Water versus Time as a Function of Percent Substitution






























Figure 4.10 Bleed Water versus Time as a Function of Percent Substitution


























(J o x  replacement.




Figure A.11 Bleed Water versus Time as a Function of Percent Substitution
for Replacing Cement and Fine Aggregate
Bleeding in plastic concrete shows that the mix has a high 
water content and/or improper aggregate content.
The bleeding of fly ash concrete decreases as compared 
to ordinary portland cement concrete mix. The reduction in 
bleeding water varies with the percent substitution as well 
as with the substitution method. Table 4.7 and Figures 4.9 
through 4.11 show the variation of the bleeding of fly ash 
concrete mix designed with a water cementitious ratio of 
0.75.
In substituting for cement only, the bleed water 
decreases but not as much as when substituting for fine 
aggregates. There was a significant decrease in the bleed 
water when fly ash was substituted for fine aggregate 
only. In substituting for cement plus fine aggregate, the 
decrease in the bleed water is moderate as expected. The 
results show that fly ash can reduce the bleeding of 
concrete mixes. This is due to the increased fineness of 
the fly ash concrete. It is interesting to note that in 
substituting cement only, the bleeding for 20% replacement 
is less than that of 30% replacement.
4.3 Properties of Hardened Concrete.
Compressive Strength
The strength of concrete is measured by uniaxle 
compression on concrete samples because concrete is 
stronger in compression than tension. Test samples can be 
cylindrical (as specified by ASTM) or 6 inch cube (as
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specified by British Standards). The common practice in 
the United States is testing 6 inch diameter by 12 inch 
long cylinder. Cylinders of other dimensions, 4 inch by 8 
inch long and 3 inch by 6 inch long, are also used but 
mainly for research purposes. The length/diameter ratio of 
the cylinder should equal to 2.00. If the ratio is less 
than 2.00 the strength should be multiplied with a 
correction factor as specified in ASTM C-42. Samples with 
length/diameter ratios less than 1.00 should not be used 
for compressive strength tests. A 6 by 12 inch specimen 
will have a lower strength, than a smaller specimen, due to 
statistical homogeneity of the specimens; thus is a more 
conservative specimen for compressive strength. The 
compressive strength was obtained in this study using 6 by 
12 inch cylinders. At least two samples were tested for 
each compressive strength to obtain an average.
The compressive strength of fly ash concrete, as 
expected, varies with percent substitution and substitution 
method. Table 4.8 through 4.10 and Figures 4.12 through 
4.17 show the variation of compressive strength of fly ash 
concrete at 7, 28 and 90 days with a design water
cementitious ratio of 0.424 for Class AA concrete and 0.444 
for Class A concrete. The true water cementitious ratio is 
shown in parenthesis. For Class AA concrete, the minimum 
expected 28 day strength as per specification is 4000 psi. 
All fly ash concrete tested in this class, had strengths 
above 4000 psi at 28 days with a minimum strength of 4780
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Table A.8 Class AA and Class A Fly Ash Concrete Compressive Strength at 7 Days
Percent Substitution
0 10 20 30
Class AA ____________________________________________________
Concrete
Replacing 4390 3880 3940 3565
Cement (0.424) (0.424) (0.424) (0.424)
Replacing 4390 4710 4360 4420
Fine Aggregate (0.424) (0.424) (0.357) (0.336)
Replacing 4390 4390 4110 3670
Cement + F.A. (0.424) (0.403) (0.386) (0.371)
Class A 
Concrete
Replacing 3745 3330 2750 2620
Cement (0.444) (0.444) (0.444) (0.444)
Replacing 3745 3810 3630 3820
Fine Aggregate (0.444) (0.401) (0.369) (0.352)
Replacing 3745 3550 3625 3535











0 10 20 30
Percent Substitution
Replacing Cement +  Replacing Fine Aggr.
*  Replacing Cem & F.A.
Figure 4.12 Compressive Strength versus Percent Substitution for 7 days Class AA











0 10 20 30
Percent Substitution
Replacing Cement Replacing Fine Aggr.
*  Replacing Cem & F.A.
Figur A.13 Compressive Strength versus Percent Substitution for 7 days Class A
Fly Ash Concrete as a Function of Substitution Method
Table 4.9 Class AA and Class A Fly Ash Concrete Compressive Strength at 28 Days
Percent Substitution
0 10 20 30
Class AA ____________________________________________________
Concrete
Replacing 5490 4905 5240 4780
Cement (0.424) (0.424) (0.424) (0.424)
Replacing 5490 4975 5855 5880
Fine Aggregate (0.424) (0.424) (0.357) (0.336)
Replacing 5490 5700 5945 5785
Cement + F.A. (0.424) (0.403) (0.386) (0.371)
Class A 
Concrete
Replacing 5025 4720 4040 4555
Cement (0.444) (0.444) (0.444) (0.444)
Replacing 5025 5420 5440 6165
Fine Aggregate (0.444) (0.401 ) (0.369) (0.352)
Replacing 5025 4945 4680 5735













Replacing Cement +■ Replacing Fine Aggr.
*  Replacing Cem & F.A.
Figure 4.14 Compressive Strength versus Percent Substitution for 28 days Class AA










0 10 20 30
Percent Substitution
Replacing Cement + Replacing Fine Aggr.
Replacing Cem & F.A.
Figure 4.15 Compressive Strength versus Percent Substitution for 28 days Class A
Fly Ash Concrete as a Function of Substitution Method
Table 4.10 Class AA and Class A Fly Ash Concrete Compressive Strength at 90 Days
Percent Substitution
Class AA








































































0 10 20 30
Percent Substitution
Replacing Cement +  Replacing Fine Aggr.
*  Replacing Cem A F.A.
Figure 4.16 Compressive Strength versus Percent Substitution for 90 days Class AA














Replacing Cement F Replacing Fine Aggr.
*  Replacing Cem a F.A.
Figure A.17 Compressive Strength versus Percent Substitution for 90 days Class A
Fly Ash Concrete as a Function of Substitution Method
psi for replacement of 30% cement. This minimum strength 
is about 13% less than the 5900 psi control strength. 
Fly ash concrete is not expected to gain strength as much 
as ordinary portland cement concrete at 28 days. It can be 
seen that the strength of fly ash concrete at 90 days is 
higher than the strength of control concrete. Figures 4.12 
through 4.17 show a substitution of fine aggregate and 
cement plus fine aggregate gives a better strength than 
substitution with cement only.
In Class A concrete, the minimum expected compressive 
strength for 28 days as per design specification is 3 000 
psi. The fly ash concretes in this class had strengths 
above the minimum requirement with a minimum strength of 
4040 psi for 20 percent replacement of cement. The control 
strength was 5025 psi, thus the minimum fly ash concrete 
strength was about 2 0 percent lower than the control 
strength. The control strength of 5025 psi is 
exceptionally high for Class A concrete. From Table 4 .10, 
the 90 day strength of the fly ash concretes are all higher 
than the control concrete except for the replacing cement 
method at 10 and 20 percent, where the strength is a little 
lower. At this age, the difference between the fly ash 
concrete strength and the control strength is much smaller 
(7.6%), thus showing that the fly ash concrete is capable 
of gaining more strength than ordinary portland cement 
concrete. It can be seen that the fly ash concrete has 
better strength when replacing fine aggregate, followed by
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replacing cement plus fine aggregate and replacing cement.
This is due to the higher percentage of cementitious
material in the mix when replacing fine aggregate. An
increase in cementitious materials in the mix may increase 
the compressive strength but too much fly ash in the 
concrete mixes, for example replacing 100 percent fine 
aggregates with fly ash, will increase shrinkage of the 
concrete.
4.4 Statistical Analysis
A linear regression analysis of the data obtained for 
slump, air content and compressive strength at 28 days was 
made to evaluate the relationship with the actual water 
cementitious ratio. The analysis was made for both Class 
AA and Class A fly ash concrete. This analysis was done on 
the data obtained from the concrete's fly ash made by 
replacing cement, fine aggregates and cement plus fine 
aggregates with 10, 20 and 30 percent flyash. Due to the 
range of the variables, a wide distribution of data was 
expected. The detail of the analysis is shown in Table 
4.11.
From the analysis, the R squared values for air content 
and compressive strength were reasonably good but the 
values were very low for the slump. This shows that the 
slump is more affected by the actual water cementitious 
ratio. The regression equations shows the relationship of 
slump, air content and compressive strength to the actual
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Table 4.11 The Linear Regression Values for Coal Fly Ash Concrete
Class AA Concrete
S R-Sauare (X) Regression Eauation
Slump 1.077 17.1 Slump = -0.71 + 14.0 (w/c)
Air Content 0.6137 89.2 Air = -15.1 + 50.4 (w/c)
Compressive Strength 285.8 63.4 Strength = 9726 - 10749 (w/c)
Class A Concrete
S R-Sauare (XI Regression Eauation
Slump 1.589 2.0 Slump = 2.21 + 6.2 (w/c)
Air Content 0.5597 87.3 Air = -11.6 + 39.6 (w/c)
Compressive Strength 350.3 72.1 Strength = 11298 - 15189 (w/c)
Note:
w/c = water-cementi.ti.ou8 ratio
Table 4.12 Multiple Regression Values for Coal Fly Ash Concrete
Class AA Concrete
S R-Souare (X)
7 Day Strength 426.3 11.8
28 Day Strength 131.9 94.2
90 Day Strength 268.2 86.1
Claas A Concrete
S R-Sauare (X)
7 Day Strength 302.2 66.3
28 Day Strength 376.5 75.8
90 Day Strength 253.9 95.1
Regression Equation 
Cl = 1067 - 61C2 + 11545C3 - 248C4 
Cl = 2439 - 313C2 + 17133C3 - 464C4 
Cl = 10424 - 20C2 - 8185C3 - 156C4
Regression Eauation 
Cl = 12196 - 102C2 - 25540C3 + 474C4 
Cl = 13193 - 88C2 - 20452C3 + 147C4 
Cl = 16050 - 179C2 - 21061C3 - 69C4
Cl = Compressive Strength
C3 = Actual Water Cementitious Ratio
C2 = Slump
C4 = Air Content
water cementitious ratio.
Multiple regressions were made to evaluate the 
relationship of compressive strengths with actual water 
cementitious ratio, slump and air content for Class AA and 
Class A concrete with various fly ash substitutions. The 
detail analysis is shown in Table 4.12.
From the analysis, the R squared values obtained were 
good for both Class AA and Class A concrete except 
compressive strength of Class AA concrete at 7 days which 
shows an R square value of 11.8 percent. This indicates 
that the fitted multiple regression model is not "useful" 
in relating the 7 day strength of Class AA concrete to the 
actual water cementitious ratio, slump and air content.
4.5 Discussion
The properties of plastic and hardened fly ash concrete 
were found to be typical of fly ash concrete reported in 
various publications. The increase in slump when replacing 
cement only was due to the hypothesis that the spherical 
shape of fly ash acts like a ball bearing, thus making the 
mix more flowable. On the other hand when too much fly ash 
was in the mix and the water was kept constant, an increase 
in fines from the ash will take up all the water, thus 
making the mix drier and therefore reduce the slump. In 
this case the ball bearing effect is not effective due to 
less lubrication. This can be seen in the mixes where fly 
ash was substituted for fine aggregates. A mix should be
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designed such that the fly ash can be effectively used to 
increase slump, thus lowering the water cement ratio, and 
fully utilizing the pozzolanic reaction without an increase 
in water demand.
The air content decreases due to the carbon content in 
the fly ash. A high carbon content ash will need a higher 
dosage of air entraining agent to obtain the required 
entrained air. Carbon in ash will absorbed a portion of the 
air entraining agent, making it ineffective.
Other properties of plastic concrete depend on the 
components of the mixture, slump and air content. A mix 
with a higher air content will have a lower unit weight and 
a higher yield than a mix with a lower air content. This 
relates to slump where a higher slump mix usually has a 
higher air content provided the water content and mix 
components were constant.
The compressive strength of fly ash concrete shows a 
very high strength at 90 days. Concretes with strength over 
7000 psi are normally considered as high strength 
concretes. It was not surprising to see this strength in a 
few of the mixes since fly ash was used in the design of 
high strength concrete. The 28 day strength of fly ash 
concrete was not expected to be high since the mix was 
designed for direct replacement of cement with ash by 
weight. The specific gravity of fly ash is lower than 
cement, as such a direct replacement yields a conservative 
design. Even though the strengths were a little lower than 
the control, they exeeded the control design value.
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CHAPTER V
CHEMICAL AND PHYSICAL PROPERTIES OF COAL-RDF FLY ASH
5.1 Introduction
Municipal waste disposal is a major problem in most 
communities throughout the nation. America now generates 
more than 40,000 tons of municipal waste a day - 160
million tons a year - and each year the number is 
increasing. Considerable interest exists across the country 
in the reclamation and/or utilization of the waste. Many 
communities have invested in incinerators as a means of 
reducing their waste. The residue from burning municipal 
waste is normally landfilled but landfill spaces are fast 
becoming a rarity and new ways of, disposal have to be 
found. The residue from burning waste, fly ash and bottom 
ash, contain many elements of hazardous and non-hazardous 
metals due to the wide variety of the mixture of waste 
burned as well as the design of the incinerator. The low 
BTU portion of the waste is sometimes separated and removed 
in an effort to increase the BTU value of the waste 
material before burning. The effect of such separation is 
beneficial because it drastically reduces the quantity of 
ash produced which in turn minimizes the quantity to be 
disposed. Although some metals are reduced it also has the 
potential of increasing the concentration of many heavy
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metals naturally present in paper, plastics and wood 
products. The high BTU burnable portion of the separation 
produces what is termed refuse-derived-fuel (RDF) and is a 
viable source of energy.
Burning RDF with bituminous coal creates fly ash with 
increased heavy metal content, which may or may not be 
hazardous as dictated by the EPA. A small percentage of RDF 
may affect the overall properties of fly ash such that it 
cannot be safely used in concrete. To date, there is 
insufficient knowledge relative to the use of coal-RDF fly 
ash as a substitute for portland cement. Previous 
investigation of the ash produced when burning coal with 
RDF shows an increase in lead content, specific surface 
area, cadmium and the amount of soluble materials [67].
The presence of cadmium in fly ash can be hazardous and 
can also detrimentally affect the properties of concrete. 
Cadmium in portland cement paste has been shown to 
deteriorate from sulphate attack in the presence of salt 
water [ 9 ]. A high lead content in fly ash is not expected 
to detrimentally affect concrete but a potential hazard to 
the environment could exist if it leaches out over time 
under certain environmental conditions such as acid 
rainfall. Limiting the percentage of RDF to be burnt with 
coal may produce fly ash that can be effectively used in 
concrete. Norton et al [53], in their studies found the 
heavy metal concentration in coal-RDF fly ash increases, 
but if only a small percentage of RDF is used to replace
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coal, there is no great environmental concern. Substituting 
a small percentage of RDF for coal in a power plant would 
therefore be expected to produce fly ash that has chemical 
and physical properties meeting the specifications of ASTM 
C-618.
5.2 Refuaa-Derivad-Fuel fRDF)
Raw municipal waste which is commonly known as "trash" 
comprised of paper, plastic, glass, metal, wood and almost 
any other imaginable unwanted product. Wheelabrator 
Technologies Inc. of Massachussetts, reported that in New 
Hampshire each person creates an average of 3.5 pounds of 




12 % iron, steel and other ferrous materials
6 % plastics
11 % yard waste
14 % food waste
10 % other organic and non-organic substances 
These wastes in the past were normally landfilled or burned 
before the ash was landfilled. Ash from these burned wastes 
has a high heavy metal content and incombustible materials 
such as glass and solid metals.
Refined raw municipal waste such that it only consists 
of combustible materials is termed Refuse-Derived-Fuel 
(RDF). A typical process in making RDF is shown in Figure 
5.1. The quality of RDF vary from one source to the other. 
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Figure 5.1 A Typical Process in Making RDF
normally shredded to about 2 inches or less. Other forms of RDF may 
be in the form of pellets and may contain wood and other burnable 
materials.
The RDF used by the Public Service of New Hampshire during the
Figure 5.2 Physical Appearance of "Fluff" RDF
experimental test burn with coal at the Merrimack Power Station was 
aquired from Baltimore, Maryland, Bitterford, Maine, and Nashua, 
New Hampshire. The RDF was termed "fluff" and comprises of only 
papers and plastics. The physical appearance of the RDF used is 
shown in Figure 5.2 and its analysis is shown in Table 5.1.
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Table 5.1 Analysis of Coal and RDF
Coal as received Received RDF
(percent) (percent)
Moisture 4.34 19.80
Volatile Matter 36.90 N.D.
Fixed Carbon 51.70 N.D.
Ash 7.07 9.10































N.D. = Not determined
105
5.3 Collecting fianmlaa
During June and July of 1987, the Public Service of New 
Hampshire at the Merrimack Power Station conducted a large 
scale test burn utilizing RDF as a partial replacement of 
bituminous coal. The test was done at full load utilizing 
Unit l of the power station. The unit built in the early 
1960's uses cyclone firing and has a fuel full load of
84,000 pounds per hour with an output of 120 megawatts. The 
throttle pressure and temperature was 1800 psi and 1005 
degrees F respectively.
The RDF as described in section 5.2 was used to replace 
"Loveridge" coal aquired from West Virginia, at 5 and 10 
percent on a BTU basis. An analysis of the coal is shown in 
Table 5.1. Initially it was intended to burn up to 20
percent replacement but due to insufficient supply of good 
quality RDF and some mechanical problems, a maximum of 10
percent RDF was used. The decision of burning a maximum of
10 percent RDF was also due to problems with stack
emmission and high lead content in several ash samples 
tested according to E.P. Toxicity test.
During the test burn period, an RDF loading facility 
with an automatic feeder was built temporarily. The feeder 
can automatically feed RDF into the cyclone burner at 5, 
10, 15 and 20 percent by using a selector switch. A
schematic diagram of the process is shown in Figure 5.3. 
The amount of RDF fed expressed in BTU/hr and pounds of 
coal/hr/cyclone equivalent for each RDF selector position
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Figure 5.3 The Process of Burning RDF With Coal in a Power Plant
as reported by Keyes [31] is as follows:
£ RDF BTU/hr BTU/hr/Cvclone
Equivalent 
i. Coal/hr/Cvclone
5 56.25 X 103 18.75 X 103
10 112.50 X 103 37.50 x 103 2788
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Samples of fly ash were collected through the electrostatic 
precipitator hoppers using one gallon air tight metal 
containers. Four samples with 5 percent RDF within four 
days test burn and eight samples with 10 percent RDF within 
eight days test burn were collected and analysed.
The coal-RDF fly ash samples collected from the test 
burn were tested for their chemical properties to be used 
as a pozzolan in concrete as specified in ASTM C-618 and 
previously described in chapter III. Even though the 
specification for coal fly ash does not include 
requirements for heavy metals, fly ashes obtained from the 
combination of coal and RDF should be tested for heavy 
metals since the fly ash was expected to contain a high 
level of lead and cadmium.
The analysis of the major components of the ash was 
done using Energy Dispersive Analysis X-ray (EDAX). ED AX 
samples were mounted on carbon stubs with carbon paste and 
coated with carbon in a Hummer V sputter coater. The 
samples were analysed with an accelerating voltage of
5.4 Chemical Properties
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20 KV, a specimen angle of 30 degrees at a 12 mm working 
distance on a general area of the sample at 20X 
magnification. The sample was analysed until a minimum of
40,000 counts were obtained. Lead and cadmium were analysed 
after the sample had been dissolved in hydrofluoric acid 
and boric acid [61], using a Jarrell Ash Model Atom Scan 
2000, Sequential Plasma Spectrometer. The chemical 
properties of coal-RDF fly ash are shown in Table 5.2 and 
photomicrographs of 5 and 10 percent RDF fly ash are shown 
in Figures 5.4 and 5.5 respectively.
Physical Appearance
The physical appearance of coal-RDF fly ash is similar 
to coal fly ash. The photomicrographs obtained by Scanning 
Electron Microscope (SEM) in Figures 5.4 and 5.5 show that 
the microscopic appearance is also similar to coal fly ash 
except the spherical balls of coal-RDF fly ash has more 
fine particles clustering on them.
Loss on Ignition (LOI)
The loss on ignition was tested according to the 
procedure in ASTM C-311 previously described in chapter
III. The average loss on ignition of the 5 percent RDF fly 
ash was 3.99% and 5.62% for the 10 percent RDF. The LOI as 
required by the NHDOT and ASTM specifications is less than 
or equal to 5% and 6% respectively. From the results
obtained, it can be seen that both the 5 and 10 percent RDF
fly ash are within the ASTM Specification, but the 10
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5 7-02-87 2.80 1.02 7.79 0.89 26.82 17.67 37.76 82.25 3.84 0.24 3.33 4.72 119.76
7-03-87 3.03 0.89 8.19 0.68 26.72 16.79 37.34 81.35 4.10 0.47 3.26 6.08 109.39
»—■ 7-06-87 4.48 0.30 8.19 0.04 27.36 17.23 39.00 83.58 2.92 0.48 3.04 4.00 70.23»—*
o 7-07-87 6.66 0.33 8.81 0.003 26.37 17.01 38.68 82.01 4.05 0.23 3.41 6.60 110.82
Average 3.99 0.64 8.26 0.40 26.82 17.17 38.17 82.30 3.73 0.36 3.26 6.08 102.66
Std. Dev, 1.33 0.37 0.42 0.46 0.41 0.38 0.76 0.94 0.66 0.14 0.16 1.06 22.03
10 6-09-87 3.84 0.27 8.61 0.25 26.98 17.76 36.40 80.14 5.01 0.26 3.86 10.53 269.30
7-13-87 6.17 0.21 8.66 0.05 25.36 15.72 39.67 80.75 6.19 0.10 3.37 6.62 114.81
7-14-87 6.73 0.44 8.89 0.36 24.16 17.23 37.59 79.98 4.43 0.49 3.91 6.38 108.67
7-15-87 6.07 0.11 8.98 0.60 26.07 17.83 33.86 77.79 6.42 0.72 3.45 7.31 193.26
7-28-87 4.27 0.62 8.76 Traoe 24.16 17.21 35.21 76.58 7.03 0.12 3.67 8.20 177,75
7-29-87 6.04 0.44 8.67 Trace 24.69 17.16 34.95 76.80 7.09 0.99 4.47 7.69 238.24
7-30-87 6.56 0.70 8.13 0.67 24.32 17.71 34.43 76.46 8.27 1.03 3.69 10.92 279.42
7-31-87 7.28 0.40 7.84 Trace 26.25 17.09 36.16 77.50 6.74 1.03 3.36 5.54 204.89
Average 5.62 0.39 8.65 0.22 26.00 17.21 36.91 7B.25 6.15 0.59 3.72 7.76 198.28











Loss on Ignition by Chemical Analysis: 4.48%
Figure 5.4
Photomicrograph of Coal-RDF Fly Ash at 5 
percent replacement by BTU for samples 
collected on 7/6/1987 with the chemical 














Loss on Ignition by Chemical Analysis: 7.28%
Figure 5.5
Photomicrograph of Coal-RDF Fly Ash at 10 
percent replacement by BTU for samples 
collected on 7/31/1987 with the chemical 
composition as determined by EDAX (SEM lOOOx).
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percent RDF fly ash exceeds the maximum specified by NHDOT. 
The average LOI for coal-RDF fly ash is higher than coal 
fly ash and increases as RDF percentages increase.
Moisture Content
The maximum moisture content allowed by the NHDOT 
specification is 3.0 percent. The results from the 5 and 10 
percent RDF fly ash show the moisture contents are within 
the NHDOT specifications. The moisture content of coal-RDF 
fly ash is about the same as coal fly ash.
Calcium
Coal-RDF fly ash appears to have a percentage of 
calcium comparable to coal fly ash. The 5 percent RDF fly
ash has an average of 8.25% calcium and the 10 percent RDF
has an average of 8.55%. The average calcium in coal fly 
ash is 8.14%
Silicon + Aluminum + Iron
The percentage of Silicon + Aluminum + Iron required in 
the specification is 70% minimum. The 5 percent RDF fly
ash has an average of 82.30% and the 10 percent RDF fly ash
has an average of 78.25%. Both the RDF fly ashes satisfies 
the requirements for percentage of Silicon + Aluminum + 
Iron. Comparatively, the percentage of these metals is 
lower than coal fly ash. It can also be seen that the 
percentage of Silicon + Aluminum + Iron decreases as 
percent RDF increases. This may be due to the increase in 
carbon and sulfur content in high RDF content fly ashes.
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Sulfur
The sulfur content of RDF fly ash increase 
considerably with increasing percentages of RDF. The 5 
percent RDF fly ash has an average sulfur content of 3.73% 
and the 10 percent RDF fly ash has 6.15%, while the coal 
fly ash had an average sulfur content of 3.97%. The maximum 
sulfur content specified by NHDOT and ASTM is 5.0%.
Sodium and Potassium
The total alkali in fly ash is expressed by the sodium 
and potassium contents. The average sodium content for 5 
and 10 percent RDF fly ash is 0.36% and 0.59% and the 
average potassium content is 3.26% and 3.72% respectively. 
Coal fly ash shows an average sodium content of 0.43% and 
potassium content of 3.73%. The total alkali content for 5 
and 10 percent RDF fly ash is 3.62%, and 4.34% 
respectively. The alkali content of coal fly ash is 4.16%. 
A reduction in alkali content compared to coal fly ash can 
be seen in the 5 percent RDF fly ash while a slight 
increase can be seen in the 10 percent RDF fly ash.
Magnesium
Magnesium is an optional requirement both in ASTM and 
NHDOT specification. Both RDF fly ashes (5 and 10 percent) 
had very low magnesium contents. The 5 percent RDF fly ash 
has an average of 0.40% and the 10 percent RDF fly ash has 
an average of 0.22%. The magnesium in RDF fly ashes are 
lower than that of coal fly ash which has an average of
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0.44%. A low magnesium content ash is expected to have a 
low autoclave expansion/contraction results.
Heavy Metals
The concentration of cadmium as determined by 
Sequential Plasma Spectrometer ranges from 4.00 ppm to 6.50 
ppm in the 5% RDF fly ash while in the 10% RDF fly ash, 
cadmium concentration varies from 5.54 ppm to 10.92 ppm. 
The lead concentration is higher in both cases. In the 5% 
RDF fly ash lead ranges from 70.23 ppm to 119.76 ppm and 
in the 10% RDF fly ash from 108.57 ppm to 279.42 ppm. The 
coal fly ash has an average cadmium concentration of 3.29 
ppm and an average lead concentration of 75.20 ppm. The
amount of heavy metals noted above were the total amount
for each heavy metals in the RDF fly ash determined after 
the ash has been dissolved in hydrofluoric and boric acid.
5.5 Physical Properties
Fly ashes should also comply to the physical properties 
specifications before it can be used in portland 
cement concrete. The physical properties as detailed in 
Chapter III include Fineness, Pozzolonic Activity 
Index (PAI), Water Requirement, Soundness, Uniformity, 
Drying Shrinkage and Multiple Factor. The physical 
properties data of the coal-RDF fly ash are presented in
Tables 5.3 and 5.4. The results shows these properties are
not significantly different from those of the coal fly ash. 
Some of the properties show better results than coal fly
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ash. The following description refers to Table 5.3 and 
Table 5.4.
Fineness
The fineness of fly ash was determined by wet sieve 
analysis on a #325 sieve. The result reports the 
percentage retained on the #325 sieve. The maximum 
percentage retained as specified by ASTM and NHDOT 
Specification is 34 percent. From the results obtained it 
can be seen that both the 5 and 10 percent RDF fly ashes 
are well below the specification requirements. The average 
fineness of the RDF fly ashes are higher than the average 
fineness of coal fly ash. The 5 and 10 percent RDF fly ash 
has a fineness of 6.28 and 7.68 percent respectively while 
the coal fly ash has a fineness of 4.00 percent.
Pozzolanic Activity Index (PAI)
The pozzolanic activity index (PAI) tested with cement 
is defined as a minimum of 75% of the control strength at 
28 days by ASTM. NHDOT and AASHTO defined it as a minimum 
of 60% of the control strength at 7 days. The PAI test 
utilized in this research follows the NHDOT 
specifications. From the results obtained the average PAI 
for 5 percent RDF is 102.17% and for 10 percent RDF is 
94.19%. These data show these fly ashes are very 
pozzolanicly active. The coal fly ash had an average PAI of 
87.60%, which is lower than those of RDF fly ashes.
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Uni t 1 
Row A 5.83 86.49 91.45 -0.036 3.37 0.012 2.76
Row B 2.16 88.70 92.43 -0.039 3.53 0.002 2.76
Average 4.00 87.60 91.94 -0.037 3.44 0.007 2.76
Std. Dev . 2.60 1.56 0.69 0.003 0.36 0.012 0.00
5 7-02-87 10.05 114.56 93.94 -0.05 3.04 0.022 2.81
7-03-87 2.26 109.35 93.94 -0.04 3.71 0.066 2.82
7-06-87 9.04 84.39 93.94 -0.03 3.00 0.015 2.70
7-07-87 3.77 100.37 99.38 -0.05 4.68 0.014 2.79
Average 6.28 102.17 95.30 -0.04 3.61 0.029 2.78
Std. Dev. 3.84 13.22 2.72 -0.0095 0.79 0.025 0.05
10 6-09-87 6.03 89.88 92.73 -0.04 4.16 -0.010 2.77
7-13-87 3.01 112.83 95.75 -0.05 4.32 0.017 2.74
7-14-87 11.08 94.80 96.97 -0.03 4.53 -0.013 2.68
7-15-87 8.86 83.99 98.77 -0.04 4.65 0.019 2.76
7-28-87 4.69 84.80 98.77 -0.04 4. 18 -0.019 2.79
7-29-87 8.67 95.90 99.38 -0.04 4.46 0.026 2.74
7-30-87 4.14 108.36 99.38 -0.05 4.75 0.032 2.78
7-31-87 14.95 82.96 99.69 -0.03 4 .36 0.025 2.73
Average 7.68 94.19 97.68 -0.04 4.43 0.010 2.75
Std. Dev. 4.01 11.27 2.42 0.008 0.21 0.02 0.03
Water Requirement
The water requirement is the water required to 
create a consistency as defined by a flow of 100 to 115 
percent for the test mix as compared to a control mix which 
has no fly ash. The NHDOT specification specifies a maximum 
of 100% of control. The test results show that the water 
requirement for both 5 and 10 percent RDF are below 100%. 
The average water requirement for 5 and 10 percent RDF 
fly ashes is 95.30% and 97.68% respectively. Coal fly ash 
has an average water requirement of 91.94%.
Soundness
The soundness a of concrete sample is measured by an 
autoclave expansion/contraction test. The soundness 
specified by ASTM and NHDOT is +/- 0.8% maximum. The 
average soundness for both 5 and 10 percent RDF fly ashes 
was -0.04% which is almost identical to coal fly ash at 
-0.037%. The minus sign shows that it is a contraction. 
These results agree well with the low amount of magnesium 
present in the fly ash since a low magnesium content ash 
will give a low autoclave expansion/contraction results.
Uniformity Requirements
The uniformity requirements are specified on specific 
gravity, percent retained on a #325 sieve and air 
requirement. Table 5.4 shows the uniformity data of the 
samples for 5 and 10 percent RDF.
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1. Specific Gravity
The specific gravity as specified by the 
specification shall not vary from the average by 
more than 5.0 percent. The maximum percent 
variation was 2.88% from the 5 percent RDF fly ash 
sample.
2. Fineness
The uniformity requirement for fineness is 
the variation of percentage points from average 
and is limited to maximum of 5 percent. The 
results for the 5 and 10 percent RDF fly ash show 
the variation of percentage points are all below 
5% except for the sample of 10 percent RDF 
collected on July 31st 1987. The maximum 
variation of this sample was 7.27 percent.
3. Air Requirement
The air requirement is the quantity of air 
entraining agent required to produce an air 
content of 18.0% by volume of mortar. The 
specification for the uniformity of air 
requirement requires that the percent variation 
from the average should not be more that 20.0%. 
This requirement is an optional requirement in 
ASTM and AASHTO but it is a requirement in the 
NHDOT specification. The results from the 5 and 
10 percent RDF fly ash samples show the percent 
variation from average are all below 20.0 percent
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X Variation of Air 
Requirement from 
Average
5 7-02-87 10.05 3.77 2.81 1.08 3.04 15.79
7-03-87 2.26 4.02 2.82 1.44 3.71 2.78
7-06-87 9.04 2.76 2.70 2.88 3.00 16.90
7-07-87 3.77 2.51 2.79 0.36 4.68 29.64
Average 6.28 --- 2.78 --- 3.61
10 6-09-87 6.03 1.65 2.77 0.73 4.16 6.09
7-13-87 3.01 4.67 2.74 0.36 4.32 2.48
7-14-87 11.08 3.40 2.68 2.55 4.53 2.26
7-15-87 8.86 1.18 2.76 0.36 4.65 4.97
7-28-87 4.69 2.99 2.79 1.45 4.18 5.64
7-29-87 8.67 0.99 2.74 0.36 4.46 0.68
7-30-87 4.14 3.54 2.78 1.09 4.75 7.22
7-31-87 14.95 7.27 2.73 0.73 4.36 1.58
Average 7.68 2.75 4.43
except for the 5 percent RDF collected on July 7,
1987. The percent variation from average for 
this sample was 29.64%.
Drying Shrinkage
The increase in drying shrinkage of mortar bars at 28 
days is an optional requirement for both ASTM, NHDOT 
and AASHTO specifications. The specification requires the 
drying shrinkage to be no more than 0.03%. The results 
from the 5 percent RDF samples show an average drying 
shrinkage of 0.029% and the 10 percent RDF samples had an 
average drying shrinkage of 0.010%. The average drying 
shrinkage for coal fly ash is 0.007%. These values 
show the drying shrinkage of coal-RDF fly ash is higher 
than coal fly ash but it is within the specification 
requirements.
Multiple Factor
The multiple factor is the product of loss on ignition 
(LOI) times the fineness and is an optional physical 
requirement. ASTM and AASHTO specify a maximum multiple 
factor of 255. This number is based on a maximum LOI of 
12.0% before ASTM revised their specification to a LOI of 
6.0%. The factor was not adjusted when the revision in LOI 
was made. The NHDOT specification specifies a maximum 
multiple factor of 120.
The multiple factors for both 5 and 10 percent RDF fly 
ash samples are all below 120. The maximum and minimum
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multiple factors obtained from the samples tested were 
108.84 and 6.85 respectively.
5.6 statistical Analysis
The difference between the individual chemical and
physical properties of coal fly ash and coal-RDF fly ash
can be determined from the analysis of variance (ANOVA) . 
These properties were individually compared between coal 
fly ash, 5 percent replacement coal-RDF fly ash and 10
percent replacement coal-RDF fly ash. Assuming that the fly
ash produced were of the same quality, the hypotheses made 
in this analysis were,
Ho : = u2 = u3
versus
Ha : not all u^'s are equal
with a significance level of 0.05. The results of the 
analysis are shown in Tables 5.5 and 5.6.
The analysis on the chemical properties shows 
the loss on ignition, sulfur, cadmium, lead and the sum of 
silicon, iron and aluminum are not the same for all the 
ashes (coal fly ash, 5% coal-RDF fly ash and 10% coal-RDF
fly ash) . The analysis on the physical properties shows
significant differences in the water requirement and air
requirement. The analysis between coal fly ash and 5 
percent coal-RDF fly ash shows no significant difference at 
the 95 percent confidence level. The hypothesis made in the
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Table 5.5 Chemical Properties ANOVA Between Coal and Coal-RDF Fly Ashes
Source DF SS MS F(cal) F(table)
Loss on Ignition Between Samples 2 13.55 6.77
*
5.00 3.98
Within Samples 11 14.90 1.35
Moisture Content Between Samples 2 0.1650 0.0825 1.36 3.98
Within Samples 11 0.6677 0.0607
Calcium Between Samples 2 0.4200 0.2100 1.40 3.98
Within Samples 11 1.6430 0.1490
Magnesium Between Samples 2 0.1374 0.0687 0.70 3.98
Within Samples 11 1.0720 0.0975
£
Silicon t Iron Between Samples 2 78.57 39.28 16.16 3.98
t Aluminum Within Samples 11 26.73 2.43
Sulfur Between SampleB 2 18.84 9.42
♦
7 .69 3.98
Within Samples 11 13.47 1.22
Sodium Between Samples ■2 0.164 0.082 0.75 3.98
Within Samples 11 1.204 0. 109
Potassium Between Samples 2 0.610 0.305 2.97 3.98
Within Samples 11 1.130 0.103
Cadmium Between Samples 2 41.22 20.61 6.88 3.98
Within Samples 11 32.96 3.00
Lead Between Samples 2 38689 19344 7.04 3.98
Within Samples 11 30214 2747
* A significant difference exists at the iy = 0.05 level.
Table 5.6 Physical Properties ANOVA Between Coal and Coal-RDF Fly Ashes
Source DF SS MS F(cal) F(table)
Fineness Between Samples 2 23.0 11.5 0.77 3.98
Within Samples 11 163.8 14.9
Pozzolanic Activity Between SampleB 2 317 158 1.23 3.98
Index Within Samples 11 1415 129
*
Water Between Samples 2 57.05 28.53
♦
4.93 3.98
Requirements Within Samples 11 63.60 5.78
Autoclave Between Samples 2 0.00004 0.00002 0.29 3.98
Expansion/Contraction Within Samples 11 0.00068 0.00006
$
Air Requirements Between Samples 2 2.636 1.318 6.65 3.98
Within Samples 11 2.179 0.198
Drying Shrinkage Between Samples 2 0.0012 0.0006 1.39 3.98
Within Samples 11 0.0048 0.0004
Specific Gravity Between Samples 2 0.0026 0.0013 1.36 3.98
Within Samples 11 0.0017 o.o<M6
t A significant difference exiBts at << = 0.05 level.
Table 5.7 Selected Chemical and Physical Properties ANOVA Between Coal and 5 Percent Replacement
of Coal-RDF Fly Ashes
Source DF SS MS F(cal) F(table)
Loss on Ignition Between Samples 1 0.97 0.97 0.71 7.71
Within Samples. 4 5.47 1.37
Silicon + Iron Between Samples 1 4.38 4.38 3.47 7.71
t Aluminum Within Samples 4 5.05 1.26
Sulfur Between Samples 1 0.078 0.078 0.25 7.71
Within Samples 4 1.260 0.315
Cadmium Between Samples 1 4.272 4.272 4.93 7.71
Within Samples 4 3.464 0.866
Lead Between Samples 1 998 998 2.69 7.71
Within Samples 4 1484 371
Water Between Samples 1 15.05 15.05 2.66 7.71
Requirements Within Samples 4 22.68 5.67
Air Requirements Between Samples 1 0.033 0.033 0.07 7.71
Within Samples 4 1.865 0.466
analysis was:
Ho : u1 = u2 vs. Ha : = u2
The results of the analysis is shown in Table 5.7.
From these analyses, it was statistically shown the 5 
percent coal-RDF and the coal fly ash were not 
significantly different in their individual properties. The 
10 percent coal-RDF fly ash show significant difference in 
some of the properties, but the average of all the 
properties were within the ASTM C-618 requirements.
5.7 Discussion
The average chemical and physical properties of coal- 
RDF fly ash up to 10 percent replacement were shown to be 
within the ASTM C-618 specifications. Properties of the 5 
percent coal-RDF fly ash and coal fly ash were not 
statistically different. As RDF increases, percentages of 
the chemical composition of coal-RDF fly ash increase or 
decrease depending on RDF properties. At 10 percent 
replacement, five chemical properties and two physical 
properties were shown to be statistically different from 
coal fly ash as can be seen in Tables 5.5 and 5.6.
The quality of RDF used is a major factor in producing 
quality fly ash. Public Service Company of New Hampshire 
used high quality RDF for their test burn, as such the fly 
ash produced was of good quality. If a lower quality RDF
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was used, the fly ash produced with the same amount of 
replacement may or may not have the chemical and physical 
properties that comply to ASTM C-618 specifications.
The properties of fly ash also depends on how coal and 
RDF were burned. Mechanical adjustment to the unit such as 
adjusting the throttle temperature and pressure, feeding 
rate of coal and RDF, can produce fly ash with better 
properties. This adjustment affects the output of the 
unit, therefore, a give and take adjustment has to be made 
to produce quality fly ash and sufficient output.
The Unit 1 of the Merrimack Power Station was built in 
the 1960's and the design of this unit is considered to be 
outdated. A better power plant using the same quality RDF 
will give better quality fly ash.
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CHAPTER VI
COAL-RDF FLY ASH CONCRETE
6.1 Introduction
The average chemical and physical properties of coal- 
RDF fly ash up to 10 percent replacement of RDF by BTU as 
detailed in Chapter V complied with the specification for 
pozzolan in concrete. With these properties, the coal-RDF 
fly ash should be able to be used in concrete and achieved 
concrete properties similar to coal fly ash concrete. Since 
the physical appearance of coal-RDF fly ash is similar to 
coal fly ash, the appearance of the concrete made with 
coal-RDF fly ash should also remain the same (dark grey).
To compare the properties of coal-RDF fly ash concrete 
with ordinary portland cement concrete, eight concrete 
mixes were made as follows:
CEMENT REPLACEMENT
a) Control mix, with 0 percent coal-RDF fly ash.
b) 10 percent replacement of cement with coal-RDF 
fly ash.
c) 20 percent replacement of cement with coal-RDF 
fly ash.
d) 30 percent replacement of cement with coal-RDF 
fly ash.
FINE AGGREGATE REPLACEMENT
a) Control mix, with 0 percent coal-RDF fly ash.
b) 10 percent replacement of F.A with coal-RDF 
fly ash.
c) 20 percent replacement of F.A with coal-RDF 
fly ash.
d) 30 percent replacement of F.A with coal-RDF 
fly ash.
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The concrete was designed for 3000 psi compressive strength 
with a water cement itious ratio of 0.464. This mix is 
classified as class A concrete by NHDOT specifications. The 
water cementitious ratio was maintained constant for all 
mixes and the replacement ratio of coal-RDF fly ash to 
cement is 1:1 by weight. The details of the design mix are 
shown in Table 6.1.
6.2 Properties of Plastic Concrete
Plastic concrete was tested for slump, air content, 
unit weight, relative yield and workability. The tests were 
done according to ASTM specifications as detailed in 
Chapter IV. The properties of plastic concrete for the 
ordinary portland cement concrete control mix and the coal- 
RDF fly ash concrete are shown in Table 6.2.
The test mix data as presented in Table 6.2 and Figure 
6.1 show the slump of the fly ash mixes increases when fly 
ash is added to the mix. This is normal for fly ash 
concrete mix due to the lubrication from the spherical 
particles. When corrected to the air content of the control 
the slump increase shows a minimum of 1.75 inches. This 
indicates a lower water-cementitious ratio can be 
obtained with fly ash to attain a given slump, which in 
turn increase the compressive strength.
The air content of fly ash concrete decreases as the 
amount of fly ash increases for a constant dose of air 
entrainment agent, as shown in Figure 6.2. These results
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Table 6.1 Mix Design for Control/Coal-RDF Fly Ash Concrete
Design Compressive Strength: 3000 psi
Water Cementitious Ratio: 0.464
Design Slump: 4 +/- 0.25 inches
Design Air Content: 6.0 %
Coarse Aggregate Combination: 25 % of 3/8 inch
75 % of 3/4 inch
Coarse Aggregate Type: Crushed Gravel
Fine Aggregate: Glacial Sand
Cement: Fine Aggregate: Coarse Aggregate Ratio: 1:1.86:2.65
Cement Factor: 6.88 bags/cu.yd.
Cement Used: Portland Cement Type II
from Atlantic Co.
Aggregate Source: Manchester Sand and Gravel,
Manchester, New Hampshire.
Admixture Used:
Vinsol resin: 0.6 oz./lOO lb.
LRWR (Hycol): 3.0 oz./lOO lb.
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Slump (inB) 5 7 1/4 5 3/4 5 1/4
Corrected Slump (ins) 5 8 7 6 3/4
Air Content (X) 5.5 3.8 2.7 2.3
Unit Weight (pcf) 144.87 146.09 148.02 145.88
Corrected Unit Weights* 
(pcf)
144.87 143.54 143.82 141.08
Workability good good good good
Relative Yield 1.00 0.99 0.98 0.99
Renlncing Sand
Slump (ins) 6 3/4 8 1/4 9 8 3/4
Corrected Slump (ins)* 6 3/4 9 1/2 10 1/2 10 1/2
Air Content (X) 4.7 2.3 1.6 1.35
Unit Weight (pcf) 145.45 147.66 147.46 145.45
Corrected Unit Weight** 
(pcf)
145.45 144.06 142.81 140.43
Workability good good good good
Relative Yield 0.99 0.96 0.95 0.94
CORRECTED TO CONTROL SLUMP AND UNIT WEIGHT 
* ASSUME IX AIR INCREASES 1/2" OF SLUMP 
** ASSUME IX AIR INCREASE 1.50 PCF OF UNIT WEIGHT
10
100 5 2515 20 30 35
% Replacement
' Replacing Cement + Replacing Sand
Figure 6.1 The Variation of Slump in Plastic Coal-RDF Concrete
Air Content (%)
0 5 10 15 3520 25 30
% Replacement
‘ Replacing Cement +- Replacing Sand
Figure 6.2 The Variation of Air Content in Plastic Coal-RDF
Concrete
can be related to the results in the physical properties of 
fly ash in Chapter V, where the air requirement (ml. for 
18% air) for coal-RDF fly ash is higher than for the coal 
fly ash. These results show that coal-RDF fly ash makes 
the admixture less effective than does the coal fly ash, 
thus more admixture is needed in the coal-RDF mix to attain 
the percent air required for the mix.
The unit weight of fly ash concrete as measured is 
higher than the control concrete. This is due to the low 
air content of fly ash concrete mixes. When corrected for 
air content, fly ash mixes shows to have lower values of 
unit weight than the control mix, as shown in Table 6.2.
The relative yield of the coal-RDF fly ash mixes 
are lower than the control mix and decreases with increase 
in percent replacement. This shows that coal-RDF fly ash 
mixes will yield less than the control mix. The difference 
in the unit weight and relative yield is due to the 
difference in specific gravities of cement, fly ash and 
fine aggregates.
6.3 Properties of Hardened Concrete
The properties of hardened concrete mixed with coal-RDF 
fly ash as determined by its compressive strength are 
presented in Table 6.3 and Figures 6.3 through 6.9. The 
coal-RDF fly ash was used to replace cement and fine 
aggregate at 10, 2 0 and 3 0 percent by weight with a
replacement ratio of 1:1. Compressive strengths were
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determined by 6 by 12 inches cylinders specimens, moist 
cured at room temperature through their respective ages. 
The values of compressive strength in parenthesis shows the 
corrected values of the compressive strength after 
adjustment was made for the air content. The values were 
adjusted to the percent air of the control mix for each 
case assuming an increase in 1 percent air reduces 150 psi 
of compressive strength.
The compressive strength of coal-RDF fly ash concrete 
at early ages, as shown in Figures 6.3 and 6.4, are lower 
than the control mix but at 15 weeks its strength are 
almost equal. The corrected compressive strength as shown 
in Figures 6.5 and 6 .6, shows similar results. The 2 8 day 
compressive strength of coal-RDF fly ash concrete shown in 
Figure 6 .8 , indicates very little pozzolanic activity 
reaction even with a 30% replacement of sand with coal-RDF 
fly ash. The 15 weeks compressive strength shown in Figure 
6.9, indicate that there is not much difference between the 
control and the coal-RDF fly ash concrete. This shows that 
the pozzolan in coal-RDF fly ash takes a longer time to 
react with the calcium hydroxide in the cement. The 
compressive strength at 15 weeks also indicate that coal- 
RDF fly ash concrete can achieved strengths comparable to 
Portland cement concrete at later ages regardless of the 
percent replacement.
The water cementitious ratio was kept constant at 0.464 
for all mixes, but with replacement of coal-RDF fly ash,
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7 Days 28 Days
(psi)
15 Weeks
Control 0.464 0.464 3948 5658 6121
10X Replacing 




















Control 0.464 0.464 4072 5141 5702
10X Replacing 




















* Corrected to 5.5X air content
** Corrected to 4.7X air content 
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• Control + 10% Rep *  20% Rep D 30% Rep
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3520 2510 15 300 5
% Replacement
' Replacing Cement + Replacing Sand
Figure 6.7 The Compressive Strength of Coal-RDF Fly Ash Concrete with







35305 10 20 25
% Replacement
■ Replacing Cement + Replacing Sand
Figure 6.8 The Compressive Strength of Coal-RDF Fly Ash Concrete with








150 5 10 25 3520 30
% Replacement
* Replacing Cement +• Replacing Sand
Figure 6.9 The Compressive Strength of Coal-RDF Fly Ash Concrete with
Percent Replacement at the Age of 15 weeks.
the actual water cement ratio changes, as shown in Table 
6.3, The water cement ratio of coal-RDF fly ash mixes were 
higher than the control mix and increased as percent 
replacement increased. Thus, a lower compressive strength 
of coal-RDF fly ash concrete should be expected.
6.4 Earlv Strength of Coal-RDF Flv Ash Concrete
Early strength of concrete is important if the job has 
a limited time schedule. Concrete forms are commonly taken 
out before the concrete can gain the required strength in 
order to save time and money. An investigation of the 
early strength of fly ash concrete can assure that fly ash 
concrete is comparable to ordinary Portland cement concrete 
at early ages and will not impose any difficulty to 
construction industries.
In the study of early strength of coal-RDF fly ash 
concrete, a relatively lean mix design was chosen. Such a 
mix has less cement content resulting in low strength, 
hence a conservative mix to investigate the early 
pozzolanic reaction. The mix was designed for a 3000 psi 
compressive strength with a water cementitious ratio of 
0.50. A detailed design is shown in Table 6.4.
Five mixes with coal-RDF fly ash and one control with 
no fly ash mix were made. The coal-RDF fly ash used was 
the 10 percent replacement of coal. The fly ash mix was 
made by replacing cement with coal-RDF fly ash at 2 0 
percent replacement. The ratio of cement to fly ash
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Table 6.4 Mix Design for Early Strength of Coal-RDF Fly
Ash Concrete
Design Compressive Strength: 




















Portland Cement Type II 
from Atlantic Co.





replacement was 1:1.0, 1:1.25, 1:1.5, 1:1.75, and 1:2.0
for the first to the fifth mix respectively. The water 
cementitious ratio was maintained at 0.50 and the dosage of 
admixtures were kept constant for all mixes. Tests done on 
the plastic and hardened concrete followed ASTM procedures 
and samples for compressive strength were moist cured at 
room temperature until tested.
The plastic properties and compressive strength at 1, 
7, 14, and 28 days for the mixes is shown in Table 6.5. The 
results show the slump and air content of fly ash mixes 
were lower than the control mix in all mixes as shown in 
Figures 6.10 and 6.11. The reduction in air content is 
expected in fly ash concrete due to the less effectiveness 
of the air entraining admixture, however the slump of fly 
ash concrete should increase for all high quality ashes 
with little unburnt carbon. The reduction in slump may be 
due to the relatively lean mix design. One would expect all 
concretes made with high quality fly ash to increase the 
workability. The slump test is not always a good indication 
of workability. The low paste content in the lean mixes can 
be hypothetically assumed to affect the effectiveness of 
the ball bearing lubrication from the spherical balls of 
fly ash. For this hypothesis to be true the slump should 
increase as the paste content increases, and this can be 
seen in mixes with higher ratio of replacements as shown in 
Figure 6.10. An increase in fly ash content will reduce 
the air content.
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14 Days 28 Days
control 5.00 5.5 143.03 1.05 0.500 1539 3476 3812 4298
1 : 1.00 2.25 2.1 149.68 1.00 0.625 1600 3378 2684 4682
1 : 1.25 3.00 1.9 149.27 1.01 0.656 1599 3274 3763 4363
1 : 1.50 3.50 1.7 149.27 1.02 0.688 1567 3047 3582 4370
1 : 1.75 4.25 1.5 149.07 1.04 0.718 1204 2920 3281 4093
1 : 2.00 4.75 1.4 148.47 1.05 0.750 1231 2853 3246 4044
Slump (ins)
Control 1 :1.0 1 : 1.25 1 : 1.5
Mix
1 : 1.75 1 : 2.0
Experimental Corrected
Figure 6.10 Variation of Slump for Various Replacement Ratios
Air Content (%)
-P*
1 : 1.0control 1 : 1.25 1 : 1.5 1 : 1.75 1 : 2.0







0 147 21 28
Age (Days)
Control +  1 :1 ' *  1 : 1.25
D 1 : 1.50 x 1 : 1.75 0 1 : 2.00
Figure 6.12 Early Strength of Coal-RDF Fly Ash Concrete









14 Days 28 Days
control 5.5 5.00 1539 3476 3812 4298
1 : 1 
Replacement ratio 5.5 4.00 1090 2868 3174 4172
1 : 1.25 
Replacement ratio 5.5 4.75 1059 2734 3223 3823
1 : 1.5 
Replacement ratio 5.5 5.25 997 2477 3012 3800
1 : 1.75 
Replacement ratio 5.5 6.25 604 2320 2681 3493
1 : 1.2 
Replacement ratio 5.5 6.75 616 2238 2631 3429
Assume : IX air increase 1/2 in. slump.
IX air reduces 150 psi compressive strength.
Compressive Strength (psi) (Thousands) 
5 0 0 0 1--------------------------------------------------------------------------
4 0 0 0












Control +■ 1 : 1 *  1 : 1.25
a 1 : 1.50 X 1 : 1.75 0 1 : 2.00
Figure 6.13 Corrected Strength of Coal-RDF Fly Ash Concrete for Early Strength Analysis
The early compressive strength of coal-RDF fly ash 
concrete as tested is shown in Table 6.5 and Figure 6.12, 
and the corrected compressive strength is shown in Table 
6.6 and Figure 6.13. The compressive strength were 
corrected to the air content of the control mix assuming 1 
percent air reduces 150 psi compressive strength. Table 6.6 
and Figure 6.13 shows that the strength of fly ash concrete 
to be lower than the control concrete but the 14 and 28 day 
strength shows values higher than the 3000 psi design 
strength for mixes up to 1.5 replacement ratio. Mixes with 
higher replacement ratios show higher slump, thus an 
adjustment of slump by reducing the water cementitious 
ratio could give a higher 14 day strength.
6.5 Statistical Analysis
The relationship of slump, air content and compressive 
strength of coal-RDF fly ash concrete with true water- 
cement ratio were analyzed with a linear regression 
analysis. The analysis was done on the data obtained from 
coal-RDF fly ash concrete made by replacing cement and fine 
aggregate with 0, 10, 20 and 30 percent coal-RDF fly ash. 
The values of slump, air content and compressive strength 
were analysed with the actual water cement ratio. The 
detail of the analysis is shown in Table 6.7
An analysis on the data obtained directly from the 
test shows that the R-square values of slump and 15 weeks 
compressive strength were very low but air content, 7 day
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strength and 28 day strength show reasonably good values. 
The analysis on the corrected strength data shows high R- 
sguare values for 7 day and 28 day strength with a 
reasonably good value for 15 weeks' strength. This shows 
that when the fly ash concrete is properly designed, the 
strength relates well with the actual water cement ratio. 
The regression equation of slump, air content and strengths 
with true water cement ratio is shown in Table 6.7.
In examining the early strength of coal-RDF fly ash 
concrete, the relationship of the compressive strength at 
1, 7, 14 and 28 days with the true water cement ratio were 
analyzed. The linear regression analysis was made on the 
data obtained from the concrete made by replacing cement 
with coal-RDF fly at 20 percent replacement with different 
cement/fly ash ratios. The analysis and the regression 
equations are shown in Table 6 .8 .
The analysis on the strength data obtained directly 
from the test show the R-square value to be reasonably good 
for 7 and 14 day strength, but was low for the 1 and 28 day 
strength. In the analysis for the corrected strength, the 
R-square values were very good in all cases. Again, this 
shows that the strength relates well with the actual water 
cement ratio. The relationship of compressive strength 
with actual water cement ratio, slump and air content were 
analysed with multiple regression analyses. Values from 
coal-RDF fly ash concrete mixes and early strength of coal- 
RDF fly ash concrete mixes were analysed. The detail
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Air Content 0.048 60.8
7 Day Strength 0.031 83.8
28 Day Strength 0.048 61.3
15 Weeks Strength 0.077 0.0
Corrected Strength Values
S R-Souare (X)
7 Day Strength 0.014 96.8
28 Day Strength 0.038 74.8
15 Weeks Strength 0.053 51,8
Regression Equation 
Slump = 203.46 - 384.46 (W/C).
Air Content = 17.79 - 26.95 (W/C).
7 Day Strength = 6 7 8 0  - 5650 (W/C).
28 Day Strength = 8936 - 7092 (W/C).
15 Weeks Strength = 116000 - 200000 (W/C).
Regression Equation 
7 Day Strength = 7511 - 7619 (W/C).
28 Day Strength = 9815 - 9259 (W/C).
15 Weeks Strength = 8358 - 4975 (W/C).
Note : W/C = actual water-cement ratio.
































1 Day = 3724 - 3448 (W/C).
7 Days s 5220 - 3145 (W/C). 
14 Days = 5914 - 3322 (W/C) 
28 Days = 8011 - 5682 (W/C),
Regression Equation 
1 Day = 3672 - 4098 (W/C).
7 Days = 6062 - 5181 (W/C). 
14 Days = 6350 - 5000 (W/C), 
28 Days = 6624 - 4274 (W/C).
Note : W/C = actual water-cement ratio.
Table 6.9 Multiple Regression Values for Coal-RDF Fly Concrete Mixes and Early Strength
of Coal-RDF Fly Ash Concrete Mixes.
Coal-RDF Concrete Mixes
S R-Sauare 1*1 Regression Eauation
7 Day Strength 106.7 95.1 Cl = 9713 - 8622C2 - 789C3 - 244C4
28 Day Strength 181.3 87.9 Cl = 11406 - 7485C2 - 234C3 - 209C4
IS Weeks Strength 153.4 50.7 Cl = 10264 - 4054C2 - 187C3 - 260C4
Early Strength of Coal-RDF Concrete Mixes
S R-Sauare L % ± Regression Eauation
1 Day Strength 128.9 81.0 Cl = -2043 + 5723C2 - 340C3 + 440C4
7 Day Strength 56.44 98.0 Cl = 3792 - 537C2 - 158C3 + 135C4
14 Day Strength 138.1 87.1 Cl = 6090 - 3254C2 - 70C3 - 55C4
28 Day Strength 53.33 97.8 Cl = -3151 + 11938C2 - 607C3 + 821C4
Cl = Compressive Strength 
C2 = Actual Water Cement Ratio
C3 = Slump
C4 = Air Content
analyses is shown in Table 6.9
The analysis shows that the R square values were good 
for all the compressive strength analysed. This indicate 
that the compressive strength relates well with the actual 
water cement ratio, slump and air content.
6.6 Discussion
Coal-RDF fly ash concrete has properties normally 
encountered in fly ash concrete. The increased slump and 
the reduction in air content were expected in the fly ash 
concrete mixes. The reduction of slump in lean fly ash 
concrete mixes was hypothesized to be the ball bearing 
effect from the spherical shape of fly ash increased the 
cohesion of the mix enough to decrease the slump. The 
workability on the other hand increased as was expected. 
Most studies on fly ash concrete uses a design mix with 
enough paste to effectively have the ball bearing 
lubrication effect increase the slump as well as the 
workability.
The compressive strength of coal-RDF fly ash concrete 
was comparable to port land cement concrete and well above 
the mix design strength. This indicates that coal-RDF fly 
ash is a good pozzolan for concrete.
The study on early strength of coal-RDF fly ash 
concrete indicates that coal-RDF fly ash concrete can 
achieve the required strength in about 14 days. At 7 days 
two thirds of the required strength was achieved thus
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indicating that early strength of coal-RDF fly ash concrete 
should not be much of a concern. Statistical analysis of 
the concrete mixes show that early strength of coal-RDF fly 
ash concrete was not affected by the way or type of 
replacement for a properly designed mix.
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CHAPTER VII
LEACHING OF FLY ASH AND FLY ASH CONCRETE
7.1 Introduction
Besides the major components such as aluminum, silicon, 
iron and calcium, fly ash also has many trace elements that 
are hazardous. Coal fly ash in most states is no longer 
considered to be hazardous but when fly ash is produced by 
burning coal and RDF, the amount of trace elements 
increases. The increase in these trace elements may pose 
an environmental hazard if it leaches out of fly ash or fly 
ash concrete.
In the last decade, rain has become a problem to the 
environment, not because of the destruction due to 
flooding, but because of its acidity. Acid rain has killed 
many fish and much vegetation, but it also can act as a 
reagant to leach hazardous elements out of fly ash and fly 
ash concrete. A leaching test on fly ash and fly ash 
concrete using a synthetic acid rain was conducted to 
evaluate the hazard that coal-RDF fly ash and coal-RDF fly 
ash concrete will impose to on the environment.
7.2 Leaching Method and P^gcegyres
There are several leaching methods that have been used 
to leach out heavy metals from solid waste. These include
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both the upflow and downflow column method. An upflow 
column leaching method, which was used by Brown et al [7] 
in his studies of the release pattern of heavy metal from 
stabilized/solidified heavy metal sludge at the University 
of New Hampshire, was chosen to be used in this study. The 
method used modified Buchner type funnels as columns, 
1000 ml flasks as resevoirs and a pump. A schematic 
diagram of the apparatus is shown in Figure 7.1. Leaching 
was done on samples of coal fly ash, coal-RDF fly ash, 
Portland cement concrete, coal fly ash concrete, and coal- 
RDF fly ash concrete.
An 80 g sample of coal fly ash and coal-RDF fly ash as 
received was used in each column. The fly ash concretes 
were broken after 28 days of moist curing and pulverized 
with a mortar and pestal. A 150 g sample was used for the
test which consisted of 75 g passing a No. 10 sieve (10mm)
but retained on a No. 30 sieve (600 um) and 75 g passing 
the No. 30 sieve. An acid rain comprised of 5.24 x 10-5 N 
H2S04 and 1.98 x 10-5 N HN03 with a pH value of 4.51 was
used as the leachant at a flow rate of 0.25 ml/min.
Leachants were collected every 24 hours for 14 days. 
Assuming 33 inches of rain per year, this is equivalent to 
6 years of acid rain. The metal concentrations were 





l e a c h a t e
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Figure 7.1 Diagram of the Leaching Apparatus Set Up
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7.3 Results of the Leaching Test
The most concerned trace elements in RDF fly ash are 
lead and cadmium, therefore the leachates were tested for 
lead and cadmium only. Table 7.1 and 7.2 show the 
concentration of lead and cadmium in the leachates in ppm. 
From these tables it can be seen that all the concentration 
values were below the detection limits except for the 
leachates from coal fly ash on the seventh day and coal-RDF 
fly ash on the first day for lead, and leachates from coal 
fly ash and coal-RDF fly ash on the first and second day 
for cadmium. The detection limit was taken as three times 
the standard deviation of the blank, which in this case was 
the acid rain. Leachates from the concretes show very low 
concentration, well below the detection limits. The pH 
values of the leachates for the first 3 days were
determined and shown in Table 7.3.
The results show that lead and calcium did not leach 
out of fly ash concretes within the 14 day period of the 
study but some of these trace elements did leach out of the 
fly ashes themselves, even though it was not enough to cause 
an envirnomental hazard.
7.4 Discussion
The results from the leaching tests show that lead and 
cadmium did not leach out of the fly ash concretes. Even
though some lead and cadmium were detected in the leachates
of fly ash samples, the amounts were very small. Keyes
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1 N.D. N.D. N.D. 0. 093 0.486
2 N.D. N.D. N.D. 0. 041 0.057
3 N.D. N.D. N.D. N.D. N.D.
4 N.D. N.D. N.D. N.D. N.D.
5 N.D. N.D. N.D. N.D. N.D.
6 N.D. N.D. N.D. N.D. N.D.
7 N.D. N.D. N.D. N.D. N.D.
8 N.D. N.D. N.D. N.D. N.D.
9 N.D. N.D. N.D. N.D. N.D.
10 N.D. N.D. N.D. N.D. N.D.
11 N.D. N.D. N.D. N.D. N.D.
12 N.D. N.D. N.D. N.D. N.D.
13 N.D. N.D. N.D. N.D. N.D.
14 N.D. N.D. N.D. N.D. N.D.
Detection Limit: 0.026
N.D. : Not Detected (below detection limit)
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1 N.D. N.D. N.D. N.D. 0.125
2 N.D. N.D. N.D. N.D. N.D.
3 N.D. N.D. N.D. N.D. N.D.
4 N.D. N.D. N.D. N.D. N.D.
5 N.D. N.D. N.D. N.D. N.D.
6 N.D. N.D. N.D. N.D. N.D.
7 N.D. N.D. N.D. 0.149 N.D.
8 N.D. N.D. N.D. N.D. N.D.
9 N.D. N.D. N.D. N.D. N.D.
10 N.D. N.D. N.D. N.D. N.D.
11 N.D. N.D. N.D. N.D. N.D.
12 N.D. N.D. N.D. N.D. N.D.
13 N.D. N.D. N.D. N.D. N.D.
14 N.D. N.D. N.D. N.D. N.D.
Detection Limit: 0.125
N.D. : Not Detected (below detection limit)
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Table 7.3 pH Values of the Leachates for the first 3 days
Day Portland Coal Coal-RDF Coal Coal-RDF
Cement Fly Ash Fly Ash Fly Ash Fly Ash
Concrete Concrete Concrete
1 12.06 12.14 12.12 4.50 4.35
2 12.19 12.01 11.83 5.01 5.76
3 11.85 11.90 11.57 6.24 7.11
pH of acid rain = 4.51
[32], in his report stated that the coal-RDF fly ash from 
the test burn at the Merrimack Power Station was shown to 
be non-hazardous by E.P. Toxicity test but the EPA proposed 
new test (TCLP) show several samples to contain hazardous 
level of lead. By using the coal-RDF fly ash in concrete, 
the trace element in the fly ash will be bonded together 
with the cementitious reaction of fly ash and cement, thus 
making it more difficult to be leached out. Due to the low 
amount of these elements present in the fly ashes 
themselves, the leachates from concretes made with these 
fly ashes should not show any indication of these elements 
leached out. Coal-RDF fly ash with no more than 10 percent 




MICROSCOPIC STUDY ON THE PROPERTIES OF FLY ASH 
AND BOTTOM ASH - CEMENT PASTE.
8.1 Introduction
Understanding the reaction of cement and fly ash at the 
micro level will give a better insight of how the 
pozzolanic reaction take place. To understand the 
pozzolanic reaction, an understanding of the hydration of 
Portland cement is essential. Cement chemists have shown 
that the most important equations for portland cement 
hydration are as follows with the notation use as: C = CaO, 
S = S1O2, H = H20, A ~~ Al203, F “ Fe203 f S SOj.




























iv) C3A + CSH2 + 10H > C3ACSH12 (8-4)





v) c 3a + CH + 18H (8-5)




The presence of reactive silica with calcium hydroxide 
is very important if any pozzolanic reaction is to occur. 
A pozzolanic reaction can be represented as
C-S-H has been classified into various types and studies in 
lime pozzolan system indicate that the C-S-H is of Type I. 
In the presence of alumina, the pozzolan may yield a 
variety of hydrates which may include calcium aluminate 
hydrate (C4AH19), gehlenite hydrate (C2ASH8), ettringite 
(C3A3CSH32) and calcium monosulfate aluminate 
(C3ACSH12). A schematic representation of the mechanism of 
hydration for C3S - pozzolan system as suggested by 
Takemoto and Uchikawa [66], are shown in Figures 8.1 and
8.2 respectively. These mechanisms can be studied through 
SEM pictures.
To compare the physical and cementitious properties of 
coal fly ash and coal-RDF fly ash, an SEM evaluation of the 
paste from these ashes at different ages and temperatures 
were studied. Comparisons were also made to pastes from
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Figure 8.2 Schematic Representation of the Mechanism of Hydration
in the System Pozzolan C-A in the Presence of Ca(OH),
and CaSO,.2H_0. J 1A 2
(after Takemota and Uchikawa)
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incinerator fly ash and bottom ash. The compressive 
strength of these ash mixes were also compared to their 
microscopic hydration process.
8.2 Preparation of the
Coal fly ash and coal-RDF fly ash from Merrimack Power 
Station and fly ash and bottom ash from the consumat 
municipal incinerator at the University of New Hampshire 
were used for the study. The incinerator ashes were also 
part of an environment ash characterization research 
project at the University of New Hampshire. Incinerator 
bottom ash was sieved through a 1/2 inch sieve before use. 
Other ashes were used as received. The chemical 
composition of the ashes were determined by EDAX and were 
shown in Table 8.1.
Table 8 .1 Chemical
Ashes
Composition Percentages of the Test
Coal Coal-RDF Incinerator Incinerator
Fly Ash Fly Ash Fly Ash Bottom Ash
Calcium 7.98 9.57 13.32 22.11
Iron 15.78 33.83 4.94 26.50
Silicon 42.87 24.08 15.96 14.15
Aluminum 23.57 17.29 9.88 14.77
Sulfur 4.44 4.49 11.46 7.20
Sodium 0.46 0.54 ----- 1.25
Pottasium 3.50 3.79 6.04 1.87
Manganese 0.62 0.53 0.42 --------------
Zinc ----- --- — 29.96 19.11
Chromium 0.24 0.55 -----
Copper 0.53 “  ”  “  “
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Pastes made with 30 percent ash and 70 percent Type II 
Portland cement with a 0.4 0 water cement ratio were 
prepared for the microscopic analysis. The pastes were 
mechanically mixed according to ASTM C 305-75 procedures. 
The pastes were placed in air tight 100 ml plastic bottles 
after mixing. The samples were cured for 1 day, 7 days and 
28 days at temperatures of 73 degrees F and 100 degrees F. 
At the end of the curing period, the samples were cut into 
thin slices about 5 mm thick, oven dried at 230 degrees F 
for 30 minutes and vacuum dried at room temperature for at 
least 24 hours before they were broken into small pieces of 
about 5 mm square. No effort was made to stop hydration on 
samples other than the heating and vacuum drying. Each 
sample was placed on aluminum stub using silver paste, 
sputter coated with a thin layer of carbon and gold pladium 
to a thickness of approximately 300 A using a Hummer V 
sputter coater. An AMR model 1000 scanning electron 
microscope (SEM) was used at an accelerating voltage of 20 
KV, a specimen angle of 20 degrees and a working distance 
of 12 mm in the analysis. EDAX samples were mounted on 
carbon stubs with carbon paste and coated with carbon in a 
Hummer V sputter coater. The samples were analyzed with an 
accelerating voltage of 20 KV, a specimen angle of 30 
degrees at a 12 mm working distance on a general area of 
the sample at 20X magnification. The samples were analyzed 
until a minimum of 40,000 counts were obtained.
Analysis of the SEM photomicrographs were made by
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mophorlogy except for non obvious structure where an EDAX 
analysis were used to verify it.
The strength analysis was done using 2 inch mortar 
cubes. All the samples were made using the following mix:
The mix was made and tested according to standard ASTM 
C109-77 procedures. The curing.time and temperatures used 
were consistent with the paste in the microscopic analysis.
The photomicrographs of coal fly ash, coal-RDF fly ash, 
incinerator fly ash and incinerator bottom ash as produced 
are shown in Figure 8.3. The coal-RDF fly ash in Figure 
8.3(b) is very similar the coal fly ash in Figure 8.3(a), 
except the surface of the spherical balls are not as clean 
as coal fly ash. Incinerator fly ash and bottom ash, 
Figures 8.3(c) and 8.3(d), on the other hand are different 
from coal fly ash. Incinerator fly ash shows very few 
spherical balls with a lot of flaky materials and 
incinerator bottom ash consists mainly of irregular solid 
particles of fiberous and glassy materials.
The coal fly ash paste cured at room temperature as 
presented in Figure 8.4 (a through c) shows a very porous 
matrix for a 1 day paste. Ettringite can be seen growing
Type II portland cement 
Fly ash or Bottom ash 









Figure 8.3 SEM Photomicrographs of (a) Coal Fly Ash (b) Coal-RDF Fly Ash 
(c) Incinerator Fly Ash (d) Incinerator Bottom Ash.
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in the porous areas and the fly ash particles are 
surrounded by poorly developed C-S-H. At 7 days, well 
formed calcium hydroxide crystals are present without 
ettringite. The exposed fly ash particles are very clean 
with more reactive ones beginning to show signs of erosion. 
The 28 day sample shows an overall matrix tightly packed 
due to the more advanced C-S-H reaction and well formed 
calcium hydroxide crystals.
The 1 day paste cured at 100 degrees F as shown in 
Figure 8.4 (d through f) is observed to have the fly ash 
particles surrounded by C-S-H and calcium hydroxide 
crystals but unlike the room temperature cure, ettringite 
was not observed. The surface of the fly ash particle 
shows initial signs of reaction. At 7 days, evidence of 
reaction on the surface of the fly ash particles is clearly 
observed. Again ettringite was not visible. The 28 day 
structural matrix show the fly ash particle to be very 
erroded and almost all particles have been converted to 
C-S-H.
The coal-RDF fly ash paste cured at 73 degrees F, as 
shown in Figure 8.5 (a through c), shows a 1 day paste to 
be similar to coal fly ash paste. The structure is very 
porous with ettringite and has poorly developed C-S-H. 
Monosulfoaluminate and ettringite are visible forming in a 
plerosphere. At 7 days, ettringite is again visible. The 
matrix appears to be more developed with less porosity than 
the conventional coal fly ash. At 28 days, most of the fly
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Figure 8.4 SEM Photomicrographs of Coal Fly Ash - Cement Paste Cured 
at 73°F for (a) 1 day (b) 7 days (c) 28 days and at 100°F 






Figure 8.5 SEM Photomicrographs of Coal-RDF Fly Ash - Cement Paste Cured 
at 73°F for (a) 1 day (b) 7 days (c) 28 days and 100°F for 
(d) 1 day (e) 7 days (f) 28 days
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ash particles are well integrated within the C-S-H. RDF 
particles were clearly shown to have clean surfaces 
indicating non-reactive particle.
At 1 day, coal-RDF paste cured at 100 degrees F as 
shown by Figure 8.5 (d through f), develops a dense C-S-H 
matrix around the fly ash particles and contain calcium 
' hydroxide as did the conventional fly ash at the same 
temperature. Some ettringite was visible within the 
structural matrix. At 7 days, calcium hydroxide is 
present. The fly ash particles are shown to have 
experienced errosion but not to the extent the conventional 
fly ash did at equal conditions. The structural matrix at 
28 days shows that the fly ash particles are well reacted 
and a very dense matrix has been created as with the 
conventional fly ash.
The paste from the incinerator fly ash cured at room 
temperature as presented by Figure 8.6 (a through c), shows 
no sign of ettringite at the age of 1 day. Most of the 
matrix is covered with poorly developed C-S-H crystals of 
type I fibrous morphology and plates of calcium hydroxide 
are scattered over the matrix. At 7 days, more calcium 
hydroxide are formed with C-S-H of type I fibrous 
morphology. At 28 days, ettringite is present as well as 
calcium hydroxide crystals. The C-S-H consists mainly of 
the type I fibrous morphology.
Figure 8.6 (d through f), shows the 1 day paste sample 
of the elevated temperature to have massive crystals of
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calcium hydroxide, ettringite and fibrous C-S-H. At 7 
days, the matrix was composed mainly of calcium hydroxide 
and fibrous C-S-H crystals. The 28 day paste appears to be 
more dense than the 7 day paste as would be expected. 
Ettringite is not present in either case.
A general view of the incinerator bottom ash paste 
cured at room temperature for 1 day is presented in Figure 
8.7. The matrix is composed of organic fibers, plastic and 
glass. Higher magnification shows the matrix to be very 
porous with ettringite and fibrous C-S-H selectively 
forming. Selective formation could be expected due to the 
high organic content of the ash. The surface at 7 days 
shows to be very porous with ettringite, fibrous C-S-H and 
calcium hydroxide making up most of the matrix. At 28 
days, calcium hydroxide crystals were formed with fibers of 
ettringite in a very porous matrix.
At elevated temperature, Figures 8 .8, show the 1 day 
paste to be very porous with highly developed calcium 
hydroxide. Particles of fused glass are very visible. 
High magnification shows large crystals of calcium 
hydroxide forming within the matrix. At 7 days, the matrix 
shows plates of calcium hydroxied with fibrous structure 
forming around it. At 28 days, calcium hydroxide plates 
are shown to align with preferential orientation. A 




Figure 8.6 SEM Photomicrographs of Incinerator Fly Ash - Cement Paste
Cured at 73°F for (a) 1 day (b) 7 days (c) 28 days and 100°F 
(d) 1 day (e) 7 days (f) 28 days
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Figure 8.7 SEM Photomicrographs of Incinerator Bottom Ash - Cement





Figure 8.8 SEM Photomicrographs of Incinerator Bottom Ash - Cement 
Paste Cured at 100°F for (a & b) 1 day (c & d) 7 days 
(e & f) 28 days.
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8.4 Strength Analysis
The compressive strengths of the mortar cubes are 
presented in Table 8.2. The coal fly ash and coal-RDF fly 
ash mix have very similar compressive strengths, as shown
















1 day 1080 1122 979 854
7 days 4197 4175 1500 2340





1 day 2440 2934 1477 1652
7 days 5379 5508 2699 1835
28 days 8004 7548 3391 2016
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in Figure 8.9. The compressive strength of the 28 day mix 
cured at room temperature is approximately the same as the 
7 day strength cured at elevated temperature. The 
micrograph of the pastes in Figures 8 .4 and 8.5 are very 
similar for these mixes (28 days at 73 degrees F and 7 days 
at 100 degrees F) . The strength at 28 days cured at 
elevated temperature was significantly higher than the 
strength at 28 days cured at room temperature, thus 
suggesting pozzolanic activity.
The incinerator fly ash and bottom ash mix shows a very 
low compressive strength. The incinerator fly ash mix 
shows a gradual increase in strength from 1 day to 28 days 
at both curing temperatures. The incinerator bottom ash 
mix shows a very high increase in strength from 1 day to 7 
days but very little increase from 7 days to 28 days when 
cured at room temperature. At elevated temperature, the 
mix had a relatively high strength at 1 day, compared to 
the mix cured at room temperature, but the strength 
increase therafter was very low. It is interesting to note 
that the strength at 7 and 28 days were higher when cured 
at room temperature than when cured at elevated 
temperature. The poorly developed C-S-H with a fibrous 
morphology of the incinerator fly ash and bottom ash paste 
as shown in Figures 8.6 through 8.8 may contribute to the 
low strengths. The incinerator bottom ash matrix is very 
porous and contains a large amount of non-reative 
particles which drastically affect the compressive
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Figure 8.9 Compressive Strength of Ash Mortars with Different Curing Temperatures
strength. The results of the compressive strength combined 
with the SEM analysis imply that the incinerator ashes are 
not pozzolanic and the non reactive particls may be 
affecting the hydration of the portland cement. The 
chemical analysis supports the lack of pozzolanic activity 
by the relatively low amounts of silicon, aluminum, and 
iron.
8.5 Discussion
The microscopic study on coal fly ash and coal-RDF fly 
ash show that both these ashes are good pozzolan for 
concrete. The coal-RDF fly ash shows similar microscopic 
properties as coal fly ash. The strength analysis of these 
two ashes reinforced the results from the microscopic 
analysis. c-S-H was seen to be a predominant hydrate in 
both fly ash pastes but other hydrates such as calcium 
aluminate hydrate, calcium monosulfate aluminate hydrate 
and ettringite were also observed.
The incinerator bottom ash paste shows a wide variety 
of microscopic structure. On the other hand the 
incinerator fly ash paste mainly comprises of poor C-S-H 
(Type I) . This was due to the content of the ash 
themselves. Bottom ash was very coarse and contained 
every imaginable municipal waste from glass to organic 
matter. Incinerator fly ash did not have any heavy 
materials such as glass or pieces of steel, but will 
consist mainly of lighter particles from the burn.
187
The microscopic structure of the bottom ash show 
materials such as glass, papers, and plastics to have a 
factor in the hydration of the paste. These materials show 
to be non-reactive, thus reducing the pozzolanic reactivity 
of the ash. The compressive strength of the mix show both 
the incinerator fly ash and bottom ash to have very low 
compressive strength. This proves the low pozzolanic 
reactivity within the mixes.
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CHAPTER IX
SUMMARY AND CONCLUSIONS —  -
9.1 Introduction
This Chapter summarises and concludes the research 
presented in this dissestation. Proposal for future 
research in this area is also included.
9.2 flummarY
Numerous studies on coal fly ash have shown that fly 
ash were good pozzolan for concrete. The results from this 
study confirms the statement. Fly ash from Merrimack Power 
Station, New Hampshire, had chemical and physical 
properties complied to the specification of ASTM, AASHTO 
and NHDOT on fly ash and raw or calcined natural pozzolan 
for use as a mineral admixture in portland cement concrete. 
Concrete made with these fly ashes had properties equal or 
greater than ordinary portland cement concrete.
Burning a low percentage of RDF with coal can produced 
fly ash that met the specification on the chemical and 
physical requirements set out by ASTM, AASHTO and NHDCT. 
These fly ashes had good pozzolanic properties and in some 
cases had values equal or better than coal fly ash. The 
heavy metal content of coal-RDF fly ash increased as RDF 
percentages increased but these heavy metal content was not
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enough to cause any environmental concerned. An EPA 
Toxicity test done on the fly ash by the Public Service of 
New Hampshire showed that the fly ash did not have 
hazardous level of heavy metals.
Concrete made with coal-RDF fly ash had properties 
comparable to portland cement concrete. Concrete from good 
design mixes had high slump and low air content, which was 
typical for fly ash concrete. Concrete from poor design 
mixes showed a decrease in slump due to the low paste 
content in the mix, thus ineffectively utilizing the ball 
bearing effect from the fly ash. Both design mixes had 
compressive strength equal to ordinary portland cement 
concrete. An investigation on the early strength of coal- 
RDF fly ash concrete showed that coal-RDF fly ash concrete 
can gain strength comparable to ordinary portland cement 
concrete as early as 14 days.
Leaching test on fly ashes and fly ash concretes with 
a synthetic rain showed that cadmium and lead did not leach 
out of fly ash concretes but a very low amount of heavy 
metals were detected in leachates from fly ash samples. The 
results from this leaching test showed that these fly ashes 
will not pose any danger to the environment due to leaching 
of cadmium and lead from acid rain.
A microscopic study on the physical and cementitious 
properties of fly ash and bottom ash showed that coal fly 
ash and coal-RDF fly ash had similar properties, both 
physical and cementitious. These properties showed that
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these ashes were good pozzolan. Incinerator fly ash and 
bottom ash did not exibit good cementitious or physical 
properties. Poor C-S-H crystals dominates the structure of 
incinerator fly ash paste and non-reactive particles such 
as glass, plastic and papers contributes to poor 
cementitious and physical properties of incinerator bottom 
ash.
Even though coal-RDF fly ash with a low percentage of 
RDF complied to the physical and chemical requirements of 
ASTM C-618 specifications and can be used to produce good 
quality concrete, the fly ash was considered as not 
complying to ASTM C-618 due to the definition of the word 
fly ash. ASTM C-618 defines fly ash as:
" finely divided residue that results from the 
combustion of ground or powdered coal"
This definition imply that fly ash produced by burning RDF 
with coal is not "fly ash". A revision to the specification 
to include a better definition of fly ash and to include 
more specifications on chemical properties such as the 
minimum concentration of heavy metals has to be made so 
that fly ash produced by burning materials other than coal 
can be used in concrete.
9.3 conclusions
Based on the research done on coal fly ash and coal-RDF 
fly ash produced from Merrimack Power station, New 
Hampshire, it can be concluded that:
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1. Coal fly ash from Merrimack Power Station, Bow, New 
Hampshire, was classified as ASTM class F.
2. The average chemical and physical properties of the 
coal fly ash from both unit 1 and 2 met ASTM C 618 and 
NHDOT specifications.
3. The average chemical and physical properties of coal- 
RDF fly ash produced during the eight day test burn 
complied to the ASTM C-618 type F fly ash 
specification.
4. An increase in lead and cadmium was observed in coal- 
RDF fly ash.
5. Quality fly ash concrete comparable to ordinary 
Portland cement concrete was made using coal fly ash 
and coal-RDF fly ash.
6 . The addition of fly ash to concrete decreased the air 
content at constant dosage of air entraining 
admixture, increased the slump of high paste content 
mixes and decreased the slump of low paste content 
mixes.
7. The type of replacement of fly ash in concrete affects 
the properties of plastic concrete and early 
compressive strengths.
8 . The coal-RDF fly ash concrete gained strength 
comparable to portland cement concrete at 14 days when 
20 percent cement was removed and replaced with larger 
volumes of fly ash up to a ratio of 1 : 1.5 by weight.
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9. Lead and cadmium were not leached out of fly ash 
concretes with a synthetic acid rain of 4.5 pH but 
small amounts were detected in both coal fly ash and 
coal-RDF fly ash leachates.
10. Coal-RDF fly ash up to 10 percent BTU substitution has 
physical and cementitious properties similar to coal 
fly ash.
11. Mixes made with incinerator fly ash and bottom ash 
had very low strengths compared to mixes made with 
coal fly ash and coal-RDF fly ash.
9.4 Proposed Future Work
Research on coal-RDF fly ash has just begun and more 
research has to be done to more precisely determined the 
properties of various coal-RDF combinations. A study on fly 
ash from burning different types of RDF and coal should 
reveal a trend on the properties of coal-RDF fly ash. with 
different combinations of RDF and coal, an in depth 
investigation on the trace elememts in the fly ash will 
determine the hazardness of the fly ash. Leachability of 
fly ash and fly ash concrete should be investigated with 
different leaching procedures and leachants to cover every 
possible way the trace element can leach out of fly ash and 
fly ash concrete, especially if the fly ash has a high 
concentration of trace elements.
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